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Abstract 
Simulated waste glasses which were 25 wt% Magnox glass, 36 wt% Magnox 
glass and International Simple Glass (ISG) were subjected to aqueous corrosion in 
static mode with deionised water at 90 °C for 7 to 28 days. Magnox glass is Mg- 
and Al- rich while ISG has only 6 components but no Mg in the composition. 
These glasses were assessed before and after corrosion using X-Ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM) with Energy X-Ray Dispersive 
Spectrocopy (EDX), Transmission Electron Microscopy (TEM), Ion-ToF 
Secondary Ion Mass Spectrometry (ToF-SIMS) and Inductively Coupled Plasma 
– Optical Electron Spectroscopy (ICP-OES) in particular a novel wedge technique 
was developed for ToF-SIMS enabling accurate assessment of corrosion. 
Characterisation reveals changes in the morphology and elemental distributions 
from the surface to the bulk. Depletion of alkali ions i.e Na and Li was observed 
indicating the interdiffusion (ion exchange) process occurs after leaching. 
Formation of a gel layer which was Si-rich was also observed which forms due to 
the hydrolysis process. Formation of alteration layers were also observed on the 
glass due to leachates saturation which enables released ions to be sorbed and 
precipitate on the glass surface. It is found that high waste loading glass (36 wt% 
Magnox) has higher durability compared to the other glasses as it has a lower 
leaching rate that is 0.7 gm-2d-1 compared to 2.1 gm-2d-1 and 22 gm-2d-1 for 25 
wt% Magnox glass and ISG glass respectively. The level of each element was 
determined and its role in the glass structure, either acting as modifier or 
intermediate, was identified.  
  
6 
 
Acknowledgements 
 
Praise to the Almighty for making this possible. 
Huge thanks to both my supervisors, Prof Bill Lee and Prof Julian Jones. Thank 
you for everything and always believing in me. I enjoyed being part of your team 
and I’ve learnt a lot. 
Special thanks to Dr Sarah Fearn (ToF-SIMS), Dr Richard Chater (FIB), Dr 
Richard Sweeney (XRD), Dr Mahmoud Adarkani and Dr Ecaterina Ware 
(Electron Microscopy) for the help on training, discussion and guidance. 
Thank you Mr Charlie Scales on your courtesy for providing me the glass 
samples, Prof Neil Hyatt, Dr. Amy Gandy and all the staffs at ISL for the time, 
effort and guidance on the glass preparation at Sheffield University. Without these 
samples, I could not possibly have proceeded with this project. 
Friends, group-mate, lab-mate, and post-docs (Dr. Denis Horlait and Dr. Rama 
Chinnam), I thank you for everything, from work discussion to ‘coffee-break’, 
which fill my days as a PhD student. 
To my dearest husband, Sala, thank you for being there. To Hafiz and Hannah, my 
little angels, that always cheer up my days even sometimes drives me crazy. You 
are here for many reasons and I am always thankful. My parents, sisters (Ana, 
Fathin and Intan) and family, thank you for your prayer and support for all these 
years. 
Thank you Universiti Teknologi Malaysia, Ministry of Higher Education 
Malaysia and Amourer’s and Brasier Gauntlet Trust for the funding. 
Knowing all of you all these years was a blessing. Thank you very much. 
  
7 
 
List of Abbreviations 
AFM Atomic Force Microscopy 
AVM Atelier de Vitrification de Marcoule 
BF Bright- field 
BFS Blast Furnace Slag 
BO Bridging oxygens 
CERBERUS Control Experiment with Radiation of the BElgian Repository for 
Underground Storage 
COLARUS CORrosion of Active gLass in Underground Storage condition 
dH2O Deionised water 
EBS Engineered barrier system 
EDTA Ethylenediaminetetraacetic acid 
EDX Energy Dispersive X-Ray Spectroscopy 
EXAFS Extended X-ray Absorption Fine Structure 
FIB Focussed Ion Beam 
FINGAL Fixation IN Glass of Active Liquors 
FTIR Fourier Transform Infrared Spectrosccopy 
f.o.v Field of view 
GCM Glass composite materials 
GDF Geological disposal facility 
HARVEST Highly Active Residue Vitrification Experimental STudies 
HLW High level waste 
IAEA International Atomic Energy Agency 
ICDD International Centre for Diffraction Data 
ICP-OES Inductively coupled plasma optical emission spectroscopy 
ICP-MS Inductively coupled mass spectrometry 
ILW Intermediate level waste 
ISG International Simple Glass 
LLW Low level waste 
MCC Materials Characterisation Centre 
NBO Non-bridging oxygens 
NDA Nuclear Decommissioning Authority 
8 
 
NL Normalised mass loss 
NMR Nuclear Magnetic Resonance 
NNL National Nuclear Laboratory 
PCT Performance consistency test 
PFA Pulverised Fuel Ash 
PFA Perfluoroalkoxy 
PNNL Pacific Northwest National Laboratory 
NR Normalised leaching rates 
SA / V Surface area / Volume 
SAD Selected-area diffraction 
SEM Scanning Electron Microscopy 
SNF Spent nuclear fuel 
SPFT Single pass flow through test 
SRNL Savannah River National Laboratory 
STEM  Scanning Transmission Electron Microscopy 
TEM Transmission Electron Microscopy 
THORP Thermal Oxide Reprocessing Plant 
ToF-SIMS Time-of-Flight Secondary Ion Mass Spectrometry 
VHT Vapour Hydration Test 
VLLW Very Low Level Waste 
XANES X-ray Absorption Near-Edge Structure 
XAS X-ray Absorption Spectroscopy 
XRD X-ray diffraction 
XRF X-Ray Fluorescence 
  
9 
 
Contents 
Abstract ................................................................................................................... 5 
Acknowledgements ................................................................................................. 6 
List of Abbreviations............................................................................................... 7 
List of Figures ....................................................................................................... 12 
List of Tables......................................................................................................... 17 
1 Introduction .................................................................................................... 18 
 Thesis structure....................................................................................... 19 1.1
2 Background .................................................................................................... 20 
 Radioactive waste ................................................................................... 20 2.1
2.1.1 Types of radioactive waste .............................................................. 20 
 Immobilisation Options .......................................................................... 21 2.2
2.2.1 Immobilisation by vitrification........................................................ 22 
2.2.2 Immobilisation by encapsulation .................................................... 24 
 Nuclear wasteforms ................................................................................ 25 2.3
 High Level Waste ................................................................................... 26 2.4
2.4.1 UK HLW forms............................................................................... 28 
2.4.2 Glass for immobilisation ................................................................. 29 
 Radwaste storage and disposal options and environments ..................... 34 2.5
 Properties of HLW Glass – Durability ................................................... 36 2.6
2.6.1 Glass corrosion mechanisms ........................................................... 37 
2.6.2 Main vitreous wasteform leach tests ............................................... 40 
 Current state of the art of Durability Studies.......................................... 43 2.7
3 Experimental .................................................................................................. 45 
 Supplied Glasses & Sample Preparation ................................................ 45 3.1
 Characterisation techniques and procedures .......................................... 49 3.2
3.2.1 X-Ray powder Diffraction (XRD) .................................................. 49 
10 
 
3.2.2 Scanning Electron Microscopy (SEM) with Energy Dispersive X-
Ray Spectroscopy (EDX)............................................................................... 50 
3.2.3 Scanning and Transmission Electron Microscopy (STEM and TEM) 
with Energy Dispersive X-Ray Spectroscopy (EDX).................................... 51 
3.2.4 Time-of-Flight Secondary Ion Mass Spectrometry (Ion ToF-SIMS)
 52 
3.2.5 ZYGO .............................................................................................. 56 
3.2.6 Leach testing ................................................................................... 58 
3.2.7 Inductively coupled plasma optical emission spectroscopy (ICP-
OES) 59 
4 Results for 25 wt% Magnox glass samples.................................................... 62 
 Phase and microstructural analysis......................................................... 62 4.1
 Surface analysis ...................................................................................... 77 4.2
 Chemical (aqueous) analysis .................................................................. 85 4.3
5 Results for 36 wt% Magnox glass ................................................................. 87 
 Phase and microstructural Analysis........................................................ 87 5.1
 Surface analysis ...................................................................................... 99 5.2
 Chemical (aqueous) analysis ................................................................ 107 5.3
6 Results for ISG............................................................................................. 109 
 Phase and microstructural analysis....................................................... 109 6.1
 Surface analysis .................................................................................... 114 6.2
 Chemical (aqueous) analysis ................................................................ 121 6.3
7 Discussion .................................................................................................... 123 
 Uncorroded Glasses .............................................................................. 123 7.1
 Glass corrosion mechanisms ................................................................ 124 7.2
7.2.1 Leaching of 25 wt% Magnox glass ............................................... 124 
7.2.2 Leaching of 36 wt% Magnox glass ............................................... 128 
7.2.3 Leaching of ISG ............................................................................ 132 
11 
 
 Comparison of leaching mechanisms ................................................... 135 7.3
 Application of wedge technique ToF-SIMS to glass corrosion ........... 138 7.4
8 Conclusions .................................................................................................. 140 
9 Future work .................................................................................................. 141 
References ........................................................................................................... 142 
 
  
12 
 
List of Figures 
Fig. 1: Schematic illustration of an induction melter facility for vitrification of 
HLW (Donald, 2010). ........................................................................................... 24 
Fig. 2: Schematic representation of the DRYPAC process (McCracken G., 2000).
 ............................................................................................................................... 25 
Fig. 3: (a) HLW glass sealed in stainless steel containers (NDA, 2015) (b) 
encapsulation of ILW (Dalton, 2010).  .................................................................. 26 
Fig. 4: (a) Glass random network structure (b) Glass structure containing waste 
(adapted from Ojovan, 2009). ............................................................................... 30 
Fig. 5: (a) Example of current safe storage of HLW in the UK (Harvey et. al, 
2012) and (b) planned future Geological Disposal Facilities (GDF) (NDA, 2011).
 ............................................................................................................................... 35 
Fig. 6: Summary of waste disposal options (IAEA, 1994).  .................................. 36 
Fig. 7: Schematic of surface layer of leached glass (Donald, 2010).  .................... 38 
Fig. 8: Normalised elemental mass loss vs. time (Gin et al., 2000)...................... 39 
Fig. 9: The dependence of the presence of various oxides on the leach rate of 
waste glasses (Ojovan and Lee, 2007) .................................................................. 41 
Fig. 10: : Example of (a) Mixed glass frit (white) and simulant waste (black), (b) 
Electric furnace used to melt the glass, and (c) Glass samples that have been cut 
into monoliths. These processes performed at the University of Sheffield. Note: 
Pictures were taken when doing the experiment there.  ......................................... 46 
Fig. 11: (a) ISG glass coupons before and after polishing and (b) 36 wt% Magnox 
glasses after polishing. .......................................................................................... 49 
Fig. 12: Schematic of X-Ray Diffraction by a crystal (West, 2014)..................... 50 
Fig. 13: Schematic of SIMS instrument (courtesy of S. Fearn, Imperial College 
London). ................................................................................................................ 53 
Fig. 14: Depth profile of 25 wt% Magnox leached at 14 days at (a) 2 keV and (b) 
1 keV ion beam. .................................................................................................... 54 
Fig. 15: Depth profile of 25 wt% Magnox leached at (a) 7 days and (b) 14 days. 
At 7 days depletion and enrichment of ions were clearly observed. However, at 14 
days sample charging occurs and makes the signal noisy. .................................... 55 
Fig. 16: (a) Plane and (b) side view of the wedge made. ...................................... 56 
13 
 
Fig. 17: Example of an ion image obtained from the ToF-SIMS. Data collected for 
the line scans extrapolation is from the centre of the wedge as shown in figure.  . 56 
Fig. 18: Surface map (left) and surface profile (right) of 36 wt% Magnox glass. 
Angle measured was approximately 6.65°.  ........................................................... 57 
Fig. 19: (a) Trigonometry image and (b) Graph on correlation of M vs θ (Fearn, 
2000)...................................................................................................................... 58 
Fig. 20: X-ray diffactograms of the Magnox glass (a) unleached and leached for 
(b) 7, (c) 14, (d) 21 and (e) 28 days. ...................................................................... 62 
Fig. 21: SEI of unleached sample showing crystals A and B; and glass area, C.  . 63 
Fig. 22: EDX spectra of (a) glass, (b) crystal B (spinel) and (c) crystal C (RuO2) in 
unleached sample. ................................................................................................. 64 
Fig. 23: SEI of 7 days leached samples. Cracks occurred on the surface (within the 
alteration layer). Point A is the glass bulk, B is the crack, C is spinel and D is 
RuO2. ..................................................................................................................... 65 
Fig. 24: EDX of crystals and glass surface of 7 days leached glass sample. Letters 
indicate regions in Fig. 23 from which the spectra were collected.  ...................... 66 
Fig. 25: SEI of (a) 14, (b) 21 and (c) 28 days leached samples. X and Z are 
magnified area of the bulk and surface layer (circled in F ig. 25c) respectively. .. 67 
Fig. 26: (a) Bright field image, (b) Electron diffraction pattern and (c) EDX of 
reference (unleached) sample. Note: Platinum (Pt) was deposited on the top 
surface of the glass cross-section. ......................................................................... 68 
Fig. 27: (a) Bright-field TEM micrograph of 7 days leached glass showing layers 
A – D and (b) EDX spectra for respective layer shown.  ....................................... 69 
Fig. 28: (a) Bright-field TEM image of 14 days leached sample and (b) EDX 
spectra of areas marked A - D respectively........................................................... 71 
Fig. 29: (a) Bright-field TEM image and (b) EDX of A spinel and B RuO2 crystals 
after 14 days leaching............................................................................................ 72 
Fig. 30: (a) Bright-field TEM image and (b) EDX of A outer layer and B inner 
layer of sample leached for 21 days. EDX of area C revealed the same elements as 
present in area B. ................................................................................................... 73 
Fig. 31: (a) Bright-field TEM image and (b) Surface area diffraction (SAD) 
pattern from crystalline area of 21 days leached samples with EDX from area A in 
(a). SAD pattern indicates that this is spinel crystal.  ............................................ 74 
14 
 
Fig. 32: (a) Bright-field TEM image and (b) EDX spectra from outer layer A and 
bulk glass B in 28 days leached sample.  ............................................................... 75 
Fig. 33: (a) Normalised ion images and (b) depth profile of a reference sample at 
field of view of 37 x 37 μm2. ................................................................................ 78 
Fig. 34: Normalised ion images of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 
days leached samples at field of view of 150 x 150, 70 x 70, 150 x 150 and 150 
x150 μm2 respectively. .......................................................................................... 81 
Fig. 35: Normalised ion images of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 
days leached samples at field of view of 150 x 150, 70 x 70, 150 x 150 and 150 
x150 μm2 respectively. Small ‘rectangular shape’ in (c) which is circled in white 
is an indicator of the position of the wedge on the sample.  .................................. 82 
Fig. 36: Line scans of (a) 7 days leached, (b) 14 days leached, (c) 21 days leached 
and (d) 28 days leached samples. Blue coloured region is a damage area due to 
FIB skirting effect. ................................................................................................ 84 
Fig. 37: Normalised mass loss, NLi for i = B, Na, Li, Al, Mg and Si. .................. 86 
Fig. 38: X-ray diffactrograms of the Magnox glass (a) unleached and leached for 
(b) 7, (c) 14, (d) 21 and (e) 28 days. ...................................................................... 87 
Fig. 39: SEI of unleached sample.......................................................................... 88 
Fig. 40: EDX of the marked regions of the unleached sample. Letters indicate 
regions in Fig. 39 from which the spectra were collected. .................................... 89 
Fig. 41: SEI of (a) 7, (b) 14, (c) 21 and (d) 28 days leached samples. Label 
marked ‘×’ indicated spinels.  ................................................................................ 90 
Fig. 42: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of the 
unleached (reference) sample. Note: Platinum (Pt) was deposited on the top 
surface of the glass section. ................................................................................... 91 
Fig. 43: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of 7 
days leached sample. ............................................................................................. 92 
Fig. 44: (a) Bright-field TEM image of 14 days leached glass showing regions A – 
C and (b) EDX spectra for respective regions shown. .......................................... 94 
Fig. 45: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of the 
14 days leached sample. Note: Due to thick feature, this is the best electron 
diffraction pattern that can be obtained.  ................................................................ 95 
Fig. 46: (a) Bright-field TEM image of 21 days leached samples showing regions 
A – D, (b) EDX spectra for region A and B, (c) SAD pattern of crystal C and its 
15 
 
EDX spectrum and (d) SAD pattern for crystal D and its EDX spectrum. SAD 
indexes at (c) and (d) indicate these are RuO2. ..................................................... 97 
Fig. 47: (a)Bright- field TEM image of 28 days leached glass showing regions A – 
B and (b) EDX spectra for respective regions shown. .......................................... 98 
Fig. 48: (a) Normalised ion images and (b) depth profile of reference sample at 
field of view 248 × 248 μm2................................................................................ 101 
Fig. 49: Normalised ion images of Si, B and Li for (a) 7, (b) 14, (c) 21 and (d) 28 
days leaching at field of view of 150 x 150, 100 x 100, 100 x 100 and 150 x 150 
μm2 respectively. ................................................................................................. 102 
Fig. 50: Normalised ion images of Na, Mg, Al and Fe for (a) 7, (b) 14, (c) 21 and 
(d) 28 days leaching at field of view of 150 x 150, 100 x 100, 100 x 100 and 150 x 
150 μm2 respectively. .......................................................................................... 103 
Fig. 51: Line scans of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 days leached 
samples. Blue coloured region is a damage area due to FIB skirting effect.  ...... 106 
Fig. 52: Graph normalised elemental mass loss (NL) vs time.  ........................... 108 
Fig. 53: X-ray diffactrograms of the ISG (a) unleached and leached for (b) 7, (c) 
14, (d) 21 and (e) 28 days.................................................................................... 109 
Fig. 54: (a) SEI and (b) EDX of the reference sample.  ....................................... 110 
Fig. 55: SEI of (a) 7, (b) 14, (c) 21 and (d) 28 days leached samples along with its 
EDX..................................................................................................................... 111 
Fig. 56: (a) Bright-field image, (b) EDX and (c) diffraction pattern of 7 days 
leached sample. ................................................................................................... 112 
Fig. 57: (a) Bright-field image of 14 days leached sample, (b) bright-field image 
of 28 days leached sample and (c) EDX spectra for both. Letters indicate spectrum 
of the image region. Since it has similar peaks for both 14 and 28 days leached 
samples, only one EDX is shown........................................................................ 113 
Fig. 58: (a) Normalised ion images and (b) depth profile of a reference sample at 
field of view 240 × 240 μm2................................................................................ 116 
Fig. 59: Normalised ion images of (a) 7, (b) 14 and (c) 28 days leached samples at 
field of view 150 × 150 μm2................................................................................ 117 
Fig. 60: Line scans of (a) 7, (b) 14 and (c) 28 days leached samples. Blue coloured 
region is a damaged area due to FIB skirting effect. ........................................... 120 
Fig. 61: Graph normalised elemental mass loss (NL) vs time.  ........................... 122 
16 
 
Fig. 62: Schematic of layer evolution after (a) 7, (b) 14 and 21 and (c) 28 days 
leaching for sample dimension 1 × 0.2 cm. ........................................................ 128 
Fig. 63: Schematic of layer evolution of 36 wt% Magnox glass with leaching 
times. (a) reference glass, and after (b) 14, (c) 21 and (d) 28 days leaching for 
sample dimension 1 × 0.2 cm.............................................................................. 131 
Fig. 64: Schematic of layer evolution of ISG glass after (a) 7, (b) 14 and (d) 28 
days leaching for sample dimension 1 × 0.2 cm. ................................................ 134 
Fig. 65: Overlay of Si (red), Na (green) and Mg (blue) ions for 25 wt% Magnox 
glass. .................................................................................................................... 139 
 
  
17 
 
List of Tables 
Table 1 : Overview of different HLW wasteforms studied (updated from IAEA, 
2007)...................................................................................................................... 27 
Table 2: Studies of the effect of composition on glass durability ......................... 31 
Table 3: Typical nuclear waste glass properties (Ojovan and Lee, 2007)  ............ 33 
Table 4: Standard test of durability testing (Ojovan and Lee, 2007) .................... 42 
Table 5: Surface studies on HLW glass ................................................................ 43 
Table 6: Composition of waste glasses (in wt%). ‘--‘indicates component not 
present. .................................................................................................................. 47 
Table 7: List of standard solutions ........................................................................ 60 
Table 8: Thickness measured vs. leaching time .................................................... 76 
Table 9: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 
days........................................................................................................................ 85 
Table 10: Thickness measured vs leaching times.  ................................................ 98 
Table 11: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 
days...................................................................................................................... 107 
Table 12: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 
days...................................................................................................................... 121 
Table 13: Calculated Na normalised leaching rates for each samples.  ............... 137 
 
  
18 
 
1 Introduction 
 The problem of global warming and climate change and the possibility of 
a carbon tax have allowed the benefits of nuclear power such as non-production of 
greenhouse gases to be recognised. Nuclear power is used to generate one sixth of 
the UK’s electricity and 12.3% of the world's electricity production as of 2012 
(IAEA, 2012). Spent nuclear fuel (SNF) is normally reprocessed to recover 
uranium and plutonium. However, the remaining waste products from 
reprocessing are highly radioactive and pose a threat to the environment. Thus 
safe waste immobilisation and storage is crucial to minimise escape of 
radionuclides. 
 One option of immobilisation is vitrification where the waste is mixed 
with glass-forming additives to produce a high level waste (HLW) vitreous 
product. This waste is placed in a stainless steel container and stored for 
approximately 50 years to release radioactive heat before being ready to be placed 
deep underground in a suitable repository called a Geological Disposal Facility 
(GDF).  
 However, it is known that when the glass is buried, at some point in the 
future it will come into contact with underground water leading to corrosion 
which disrupts its ability to retain the radionuclide inventory. Thus, producing a 
durable glass that can withstand this kind of environment is crucial. The aims of 
this project are to: 
a) study the durability of various UK simulant HLW glasses and their 
corrosion products using the normalised MCC-1 test method and 
b) characterise the glass surface corrosion products and profile within the 
waste before and after corrosion testing using advanced characterisation 
techniques.  
 The motivation for this project is to have a better understanding 
specifically on the UK HLW glass corrosion mechanism. Indeed, there is relative 
lack of information concerning the UK HLW glass compared to other countries 
due to its composition: UK waste glass has higher magnesium and aluminium 
content that makes it more reactive. These elements come from the main alloys 
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for uranium fuel cladding used in the UK’s Magnox nuclear power reactors. The 
samples used in this project are simulant UK HLW glasses i.e 25 wt% and 36 
wt% waste loaded Magnox borosilicate glasses and the International Simple Glass 
(ISG) for comparison. These glasses were provided by Charlie R. Scales (National 
Nuclear Laboratory, UK), Neil C. Hyatt (Immobilisation Science Laboratory, 
University of Sheffield, UK) and James Marra (Savannah River National 
Laboratory, USA), respectively. 
 
 Thesis structure 1.1
This thesis is structured as follows. 
Chapter 2 summarises the background knowledge of nuclear waste management, 
steps in managing radioactive waste and factors that will compromise the 
immobilisation options, while Chapter 3 summarises experimental methods used 
in this project and basic knowledge of working principles for each instrument 
used. 
Chapter 4 contains results obtained from tests done on 25 wt% waste loaded 
Magnox glass, while Chapter 5 contains those from 36 wt% Magnox glass, and 
Chapter 6 gives results from the International Simple Glass (ISG). 
Chapter 7 discusses all the results obtained, Chapter 8 concludes the project and 
Chapter 9 gives suggestions on future work that can be done. 
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2 Background 
 Radioactive waste 2.1
 A radioactive waste is defined as a material that contains radionuclides of 
concentration or activity greater than clearance levels (Ojovan and Lee, 2013). 
Normally the clearance level is decided by the authorities of each country. The 
level of hazard possessed by each type of radioactive waste depends on the 
concentration of radionuclides when measured against the clearance level. The 
higher the concentration, the higher the hazard with different radionuclides having 
different levels of hazard (i.e. activity and radiation nature) even though they may 
be present at the same concentration.  
 Radioactive waste needs to be isolated and confined in appropriate 
disposal facilities for a period of time until it no longer poses a hazard. The time 
required for isolation depends on the type of waste and radioactive isotopes it 
contains. It can range from a few days for short lived isotopes to million years for 
spent nuclear fuel wastes. Current approaches to manage radioactive waste range 
from segregation and storage for short-lived waste, near surface disposal for low 
and short lived intermediate level waste to deep burial for long lived intermediate 
and high level waste. 
 Radioactive wastes come from various sources including medical and 
industrial waste. Nevertheless, the vast majority of radioactive waste, in terms of 
volume and activity, originates from the nuclear fuel cycle and nuclear weapons 
fabrication and upkeep.  
 
2.1.1 Types of radioactive waste 
 The key parameters in classification of radioactive waste are based on the 
radionuclide concentrations and half-lives. In addition, the classification of the 
waste varies from country to country. In the UK, radioactive waste is divided into 
four classes: Very Low Level Waste (VLLW), Low Level Waste (LLW), 
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Intermediate Level Waste (ILW) and High Level Waste (HLW) (Ojovan and Lee, 
2013).  
 VLLW is a waste which can be disposed of with ordinary refuse, each 0.1 
m3 of material containing less than 400 kBq of β or γ activity or single 
items containing less than 40 kBq.  
 LLW does not require shielding in handling and storage. Its maximum 
activity is 4 GBq/t for α or 12 GBq/t of β/γ activity.  
 ILW is waste with radioactivity levels exceeding the upper boundaries of 
LLW, requiring shielding but not cooling. It normally has a maximum 
activity of 2×1012 Bq/m3 (α activity) and/or 2×1014Bq/m3 (of β/γ activity). 
In designing the storage and disposal facilities for ILW, heat dissipation 
need not be taken into account.  
 HLW generates significant heat rise due to its radioactivity. This factor 
must be taken into account when designing the storage and disposal 
facilities. It requires both shielding and active cooling as long as its 
maximum activity is above of 4×1014Bq/m3 for α activity and 8×1016Bq/m3 
for β/γ activity (Rose, 2007). 
In the next section, discussion will be mainly focussed on HLW. 
 
 Immobilisation Options 2.2
 Immobilisation of radioactive waste is important to minimise potential 
migration of radionuclides in the environment. Immobilisation can be defined as 
the conversion of a waste into a wasteform by solidification, embedding or 
encapsulation (Lee et al., 2006). The product of incorporation of the waste into a 
suitable matrix is called a wasteform. 
 The main immobilisation technologies that are available commercially and 
have been demonstrated to be viable are cementation and vitrification (Ojovan and 
Lee, 2007). Cementation is used to isolate the waste and retain radionuclides by 
physically encapsulating the waste in cement and is utilised in many countries 
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notably to immobilise ILW. Meanwhile vitrification is used to immobilise HLW 
and is applied in most countries especially in the UK. It is achieved by chemical 
incorporation of the waste with a glass frit into a suitable matrix so that the waste 
is captured and unable to escape. These technologies will be discussed briefly in 
Sections 2.2.1 and 2.2.2. 
 These types of wasteform will be temporarily stored at the solidification 
processing plant to release the heat generated by the decay of the short-lived 
fission products. The longer term strategy is to dispose them permanently in an 
underground repository at a suitable GDF. The options of storage and disposal 
will be discussed in Section 2.5. 
 
2.2.1 Immobilisation by vitrification 
 In the late 1970s and early 1980s, France and the UK decided to vitrify 
HLW in borosilicate glass. The decision was taken based on the fact that the 
process for manufacturing was the simplest and the product suitably durable. 
However, despite the strong technological background, the development of HLW 
glass composition has not been straightforward. Due to variations in wasteform 
composition, the properties of the vitrified products may not be consistent. 
However, suitable glass compositions must be developed to provide products with 
acceptable properties which meet safety case requirements for storage and 
disposal. 
 Many methods of vitrification have been used. In France and the UK, the 
AVM process (Atelier de Vitrification de Marcoule) is employed using an 
induction furnace and continuous melting, while Joule-heated ceramic melters are 
favoured in the USA, Japan, Russia and China (Bingham et al., 2011a). 
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2.2.1.1 The UK pot process 
 The pot process was first used in the UK in the 1950s. Initially, natural 
soils were used as the base material for glass formation. Unfortunately, these 
glasses had to be melted at a very high temperature, 1500°C, to produce a 
homogeneous and bubble-free product, posing the risk of some waste elements 
volatilisation. Hence, alkali borosilicate glass compositions were developed; these 
can be melted at lower temperature (1000 – 1200 °C) and dissolve up to 30% 
waste oxides. Between 1958 and 1962, the FINGAL (Fixation IN Glass of Active 
Liquors) vitrification pot process was developed at Harwell, UK. The process 
involved calcination and then melting of the HLW together with glass frit in a 
stainless steel crucible or pot, where the pot serves as a storage container. Once 
melted, the pot was removed and replaced with another pot and the process was 
repeated. The FINGAL process was later modified and scaled up. This was known 
as the Highly Active Residue Vitrification Experimental STudies (HARVEST) 
process (Ojovan and Lee, 2007). 
 
2.2.1.2 Continuous melting by induction furnace 
 Even though the pot process method was successful, France brought in a 
continuous melting process for full scale development which started in 1978. The 
method was almost the same as the pot process which involved calcining and 
melting, but much higher throughputs were achieved. As a result of this success, 
the UK chose this method in preference to the HARVEST process for its 
industrial-scale vitrification plant at Sellafield, which began operating in 1990.  
 A schematic illustration of the overall process is given in Fig. 1. The HLW 
is evaporated and calcined using a rotary calciner which converts most of the 
nitrates in the wastes into oxides. It is then fed, together with glass frit, into an 
induction heated Ni-based superalloy (Inconel 601) melter. This method is 
capable of producing 25 kg of glass per hour. The glass batch is melted at a 
temperature of 1150 °C and the resulting fluid poured into a canister every 8-12 h, 
with three batches filling a canister that will hold 375 kg of glass. An advantage of 
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the induction furnace is that the waste is heated indirectly via the furnace which 
limits the melting and vitrification temperature to around 1100 °C. If the operating 
temperature goes higher, severe corrosion of the furnace would occur requiring it 
to be replaced after 2000 to 3000 h of operations (Jain, 1998). 
 
 
Fig. 1: Schematic illustration of an induction melter facility for vitrification of HLW 
(Donald, 2010). 
 
2.2.2 Immobilisation by encapsulation 
 Encapsulation is normally applied to immobilise intermediate level waste 
for example Magnox swarf and graphite. Waste materials are physically 
encapsulated in composite cements e.g. containing ordinary Portland cement Blast 
Furnace Slag (BFS) and Pulverised Fuel Ash (PFA) and placed directly in a large 
metal container. Advantages of the cement encapsulation process include that it is 
easy to process large volumes and it is suitable for wastes that are hard to vitrify.  
Fig. 2 shows an example of ILW treatment (DRYPAC process). Wastes 
are screened to separate bulk solids from sludges. The sludge is then loaded in 
cans and the cans are placed into ovens to remove free water. Meanwhile bulk 
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solids are size reduced if required and also loaded into cans. Both sludge and bulk 
solids are compacted into pucks and are placed into enhanced drums. These drums 
are then transported to an encapsulation plant. The DRYPAC process description 
has also been discussed in Colder and Palmer (1998). 
 
 
Fig. 2: Schematic representation of the DRYPAC process (McCracken G., 2000). 
 
 Nuclear wasteforms 2.3
 As discussed above, nuclear wasteforms can be divided into four main 
categories: 
(a) Cements – encapsulation of solid, liquid or slurry wastes 
(b) Glass – achieved by vitrification method and used for immobilising HLW 
such as Magnox from the UK and R7T7 from France 
(c) Ceramics – single or multiphase, chemically incorporating radionuclides 
in their crystal structures 
(d) Glass composite materials (GCM) – such as glass ceramics (glasses 
crystallised by heat treatment) and GCMs in which crystals are introduced 
in the glass system to immobilise wastes that are hard to vitrify. 
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Fig. 3 shows the example of waste glass obtained after vitrification (Fig. 3a) 
and ILW cement encapsulation (Fig. 3b). The waste glass is cast in stainless steel 
containers with dimensions of 430 mm diameter and 1340 mm height and can 
hold 400 kg of waste glass (Sellafield, 2013). Meanwhile the size of the drum for 
encapsulating ILW cement is 0.5 m3 (Fairhall and Palmer, 1992). Detailed 
discussion of HLW will be given in the next section. 
 
 
Fig. 3: (a) HLW glass sealed in stainless steel containers (NDA, 2015) (b) encapsulation of 
ILW (Dalton, 2010). 
 
 High Level Waste 2.4
 At the beginning of the nuclear era, only the nitric acid residues arising 
from the reprocessing of SNF were considered HLW. Today, most of the spent 
fuel extracted from nuclear reactors which is not reprocessed is also considered as 
HLW. In the 1970s, the significant HLW forms were calcines, amorphous 
products resulting from the dehydration and denitration of the waste solution, and 
different kind of glasses (phosphates and borosilicates).  
 More recently, other wasteforms have been developed including glass 
ceramic containing phases such as hollandite (BaAl2Ti6O16), perovskite (CaTiO3), 
and zirconolite (CaZrTi2O7) (Trocellier, 2001). Glass ceramics were developed in 
an attempt to improve thermodynamic stability by inducing controlled 
(a) (b) 
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crystallisation of desired phases. Table 1 shows an overview of different HLW 
forms studied by participants of a collaboration organised by the International 
Atomic Energy Agency (IAEA) in 2007. 
 
Table 1 : Overview of different HLW wasteforms studied (updated from IAEA, 2007). 
Country 
Potential 
Repository 
Environment 
Glass Ceramic Spent fuel 
Inactive Doped 
HLW 
Form 
Inactive Doped 
HLW 
Form 
U 
Spent 
Fuel 
Argentina - BG, Ph BG       
Australia -     B    
Belgium Clay BG BG BG    U  
China -    
R, P, 
Py 
    
Croatia - Ph        
Czech 
Rep. 
-    B, P, Z     
France 
Clay, 
Granite 
BG BG BG Z, GC Z, GC    
India Granite BG  BG      
Japan Granite BG BG       
S. Korea Granite        SF 
Russian 
F. 
Porphyrite BG, Ph 
BG, 
Ph 
    U SF 
Spain Clay/Granite       U  
UK - BG BG BG O O Py   
B: Brannerite  BG: Borosilicate Glass GC: Glass ceramic O: Overview  
Ph: Phosphate glass P: Perovskite  Py: Pyrochlore   R: Rutile  
SF: Spent fuel  U: UO2    Z: Zirconium 
 
 Table 1 indicates that wasteforms have been clearly identified for each 
family: glasses, ceramics, and spent fuel. Trocellier (2001) stressed that strong 
research efforts have to be pursued not for proposing new matrices but to 
complete the data based on chemical durability, irradiation behaviour and 
mechanical properties of selected solids. Studies have to be performed to evaluate 
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the relationships between radiation effects, mechanical constraints and alteration 
mechanisms.   
 
2.4.1 UK HLW forms 
 In the UK, there are two main waste sources for HLW (Cassingham et al., 
2008; Swanton and Smith, 2011): 
a) Magnox which arises from reprocessing of Magnox fuel (Mg- and Al-
rich); 
b) Oxide (Cs, Mo, Zr-rich) that arise from other reprocessing activities within 
THORP (The Thermal Oxide Reprocessing Plant) at Sellafield. 
 At present, Magnox waste is blended with oxide waste in a 1:3 ratio to 
produce a more durable and chemically-resistant product (Swanton, 2012). This 
waste is then called ‘Blend’ waste. A description of typical waste constituents is 
given by Donald et al. (1997). The waste is dehydrated and partially denitrated by 
calcination. The calcined waste is then mixed with an alkali borosilicate glass frit 
and melted to form a glass by vitrification (Hyatt et al., 2004). The alkali 
borosilicate glass, known as ‘MW’, has a wt% composition of 61.7 SiO2, 21.9 
B2O3, 11.1 Na2O and 5.3 Li2O (Morgan et al., 2004). The MW glass composition 
was originally developed to immobilise Magnox waste alone but has been 
continued to be used for Blend waste without modifications even though these 
wastes have different composition (Cassingham et al., 2008). The HLW glass has 
a complex structure, containing network formers (Si, Al, B) and network 
modifiers (alkalis and alkaline earths including fission products) with large high 
valence waste cations (lanthanides and actinides) occupying irregular sites of 
large coordination number (Ojovan and Lee, 2006). 
 Many studies have been done to understand the release of radionuclides 
from UK wastes over time. For HLW, the release is usually assessed through 
studies of kinetic dissolution behaviour of HLW glass. A large body of data exists 
from overseas waste programmes such as those based on COGEMA's French 
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R7T7 vitrified product and simulant SON68 (Frugier et al., 2008). In the UK, 
most of the data that exists are from Soxhlet tests on simulant glasses, in 
deionised water at ≥90°C. However, there are significant differences between the 
compositions of UK Magnox and Blend glasses and those in other programmes. 
Thus, there are significant uncertainties associated with extrapolating data from 
international programmes to represent the behaviour of UK glass products 
(Swanton, 2012). 
 
2.4.2 Glass for immobilisation 
 Glass is ideal as a host for immobilising HLW due to its structure. Based 
on Zachariasens atomic model (Doremus, 1994), glass has an open and random 
network structure possessing short range order (Fig. 4a). This order allows glass 
to be more flexible in accommodating most elements in the Periodic Table. Each 
atom in the glass is linked by bridging oxygens (BO) or non-bridging oxygens 
(NBO). The NBO carries a negative charge that will easily bond with the 
positively charged radioactive cations such as Cs+, Sr+2 and other waste elements 
(Fig. 4b). Both B and Si act as a glass former. Other elements such as alkali and 
alkali metals such as Na and Mg are introduced to act as a modifier by breaking a 
network bond having the metal ions becoming part of the structure which will 
improve the properties of the glass such as increases the durability and resistivity 
of the glass (Holloway, 1973). Furthermore, processing of glass is easy and 
simple and requires reasonably low melting temperature (1100 – 1150 °C).  
 Many types of glass have been studied for waste immobilisation but only 
two are used extensively: borosilicate and phosphate glass. Glass durability is a 
key parameter for nuclear waste glasses. Its durability is dependent on chemical 
properties and chemical reactions. According to the current concept of multi-
barrier disposal of waste in a geological repository, the engineered barriers will 
degrade with time and the glass itself will be the last barrier preventing 
radionuclide release to the biosphere (Pankov et al., 2005).  
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Fig. 4: (a) Glass random network structure (b) Glass structure containing waste (adapted 
from Ojovan, 2009). 
 
 The composition of the glass has a marked effect on its leaching 
behaviour. The quantitative relation between waste glass and its composition has 
been studied using a mathematical model (Jiang et al., 1994). From the model, the 
order of increasing mass loss is Na2O > B2O3 > WmOx where WmOx are waste 
oxides. Table 2 shows some of the studies that have been done on the effect of 
various components on the durability of waste glass. 
 
 
 
 
 
OXYGEN 
SILICON 
BORON 
Na, Li , Sr, Cs  
ACTINIDES 
OTHER WASTE  
ELEMENTS 
(a) (b) 
31 
 
Table 2: Studies of the effect of composition on glass durability 
Researchers Research 
Aim 
Sample Methodology Finding 
Cassingham et 
al. (2011) 
To understand 
the structural 
role of Zn in 
UK HLW 
glass 
Soda lime 
silicate glass 
doped with 
ZnO as model 
glass. 
Simulated UK 
HLW glass 
XAS to provide 
local structure of 
the glass. 
XRD phase 
confirmation 
Presence of 
ZnO4 species as 
network 
formers which 
may improve 
glass durability 
Iseghem et al. 
(2001) 
To evaluate 
long-term (2 – 
8 years) 
chemical 
durability of 
HLW glasses 
Borosilicate 
glass named 
SON68, 
SM513, and 
SM527 
(known 
composition) 
and silicate 
glass  
(known as 
WG124) as 
reference 
Corrosion test: 
a) Direct 
exposure to 
Boom clay 
b) CERBERUS : 
exposed to γ 
irradiation 
field 
c) COLARUS: 
test α activity 
in the glass 
samples 
Analysis: SEM-
EDS and SIMS 
depth profile 
 
Glasses are 
corroded 
slightly when 
exposed to 
radiation 
Hand et al. 
(2005) 
To study the 
effect of Mo 
in HLW glass 
Glass 
containing Mo 
waste 
XRD, EXAFS, 
STEM 
Mo tends to be 
associated with 
modifier 
cations and not 
well bonded 
into the glass 
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Bingham et al. 
(2011b) 
To study the 
oxidation state 
and local 
environment 
of Se 
Nuclear waste 
glass doped 
with Fe / Se or 
both 
XRD, XANES, 
EXAFS 
79
Se in UK 
alkali 
borosilicate 
HLW glasses is 
expected to 
occur 
predominantly 
as Se
4+
 in   
SeO3
 2−
 selenite 
groups 
 
Darwish 
(2001) 
To study the 
effect of iron 
and cerium to 
durability of 
borosilicate 
waste glass 
Sodium 
calcium 
aluminium 
borosilicate 
glass 
Leaching test in 
distilled water, 
EDTA-Na-Fe(III) 
and EDTA-2Na 
solutions. 
Characterisations 
using FTIR and 
AFM 
Iron containing 
glass has 
excellent 
durability in 
distilled water. 
1.0 mol% Ce2O 
is best in 
EDTA-Na-
Fe(III) solution 
after 7 days 
leaching 
 
Iseghem et al. 
(1992) 
To study the 
role of Al2O3 
in long-term 
corrosion 
stability of 
nuclear waste 
glasses 
Simulated 
Belgian waste 
glass 
Corrosion test at 
different 
temperatures and 
SA/V value. 
Chemical analysis 
by ICP –AES 
 
Al2O3 content 
only influences 
the short term 
dissolution 
(SA/V 100 m
-1
)  
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2.4.2.1 Silicate and borosilicate glasses 
 A highly durable wasteform is pure silica, but this requires a high 
processing temperature (> 1500 °C). The HLW glass compositions used represent 
a compromise in terms of durability, processability and economics. Boron oxide 
was introduced into the silica system to modify its behaviour and lower the 
melting temperature and provide good durability. This selection was based on the 
flexibility of borosilicate glass with regards to waste loading and the ability to 
incorporate many different kinds of waste elements, good glass-forming ability, 
chemical durability, mechanical integrity, and excellent thermal and radiation 
stability. Since then borosilicates have been the primary choice for immobilisation 
of nuclear waste worldwide. A large database of borosilicate glass compositions 
has now been established for immobilisation of HLW (Lee et al., 2006). The most 
important properties of borosilicate and phosphate nuclear waste glasses are 
shown in Table 3. 
 
Table 3: Typical nuclear waste glass properties (Ojovan and Lee, 2007) 
Glass Borosilicate Phosphate 
Density, g cm
-3
 2.7 2.6 
Compressive strength, MPa 22-54 9-14 
Normalised leaching rate (NR), × 10-6 g cm-2 day-1 
(28 day IAEA test) 
Na 0.9, Cs 0.3, Sr 
0.2 
Na 0.8, Cs 1.1, Sr 
0.4 
Thermal stability, °C 550 >450 
Damaging dose, Gy >10
5
 >10
7
 
Specific heat, kJ kg
-1
 K
-1
 0.71 0.96 
Thermal conductivity, W m
-1
 K
-1
 1.17 0.74 
Expansion coefficient, K
-1
 8 × 10-6 1.5 × 10-6 
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2.4.2.2 Phosphate glass 
 There was initial interest in using phosphate glasses to immobilise HLW 
because of their low melting temperatures (< 1000 °C) and high solubility for 
sulphates and metal oxides (Donald, 2010). However, interest declined because 
they showed poor durability and low thermal stability and were highly corrosive 
which limits the melter lifetime (Donald, 2010). Some work has been done, for 
example by adding sodium and aluminium into the system to improve the 
chemical durability. However, the glass is still easily corroded and the thermal 
stability is low (Donald, 2010). Workers at Oak Ridge National Lab in the USA 
have added iron to the phosphate system and there were improvements in the 
durability and thermal stability. However, they noticed that at least 1000 °C of 
melting temperature is needed to fully dissolve all the HLW constituents. Even 
though there was an improvement in the thermal stability, it is not as good as 
borosilicate glass. 
 
 Radwaste storage and disposal options and environments 2.5
 Current waste immobilisation situations in the UK are: (a) LLW is buried 
underground (close to the surface), (b) ILW is encapsulated in cements, and (c) 
HLW is retained in a glass. These wastes are packaged in metal containers for 
easier handling and transportation to a permanent repository. Currently LLW is 
buried underground at Drigg, UK. It is planned that in the future, ILW and HLW 
will be disposed of near surface (up to 60 m below ground) and in deep disposal 
facility (up to 500 – 1000 m below ground) respectively. Fig. 5 shows the UKs 
current HLW store and planned GDF. 
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Fig. 5: (a) Example of current safe storage of HLW in the UK (Harvey et. al, 2012) and (b) 
planned future Geological Disposal Facilities (GDF) (NDA, 2011).  
 
 Near surface disposal is simpler and cheaper but limited to certain type of 
wastes only. It is suitable for LLW and short-lived ILW i.e. radionuclides with 
half-life less than 30.2 years eg. 90Sr (28.5 years) and 137Cs (30.17 years). There 
are two options for near surface disposal. One is without engineered barrier 
system (EBS). A trench is made and the wastes are covered by layers of soil. 
However, this type of disposal is prone to water ground intrusion which will affect 
the performance of the waste package. This type of disposal is suitable mainly in 
dessert areas. The other option of disposal is with EBS. A multi-barrier system is 
introduced where the waste is covered with several layers of buffers and clays. 
For example, a cement buffer will create an alkaline environment that prevents the 
corrosion of the stainless steel container. This system is necessary to reduce leach 
rate and the buffers help divert away ground water intrusion to the waste. 
 Meanwhile deep disposal is suitable for HLW, SNF and long-lived ILW. 
Deep disposal will enhance confinement of radioactive materials and it is assumed 
that underground water will eventually saturate the repository but in a manner that 
can be modelled predictively. However, a GDF is an expensive option and one 
which requires complex technology, for example tunnels need to be built to 
transport the waste packages into the repository and caverns to accommodate 
waste packages. Suitable geological environments need to be considered i.e places 
that are safe from earthquakes and with suitable types of rock that will surround 
the facility. A suitable geosphere can act as a natural barrier that retains the 
(a) (b) 
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radioactive waste as long as possible. Disposal options are summarised in Fig. 6 
below. 
 
Fig. 6: Summary of waste disposal options (IAEA, 1994). 
 
 Properties of HLW Glass – Durability 2.6
 Sometime after the waste is placed into the repository, it will become 
saturated in flowing or stagnant groundwater that may react with the waste glass. 
Assuming after many years of interaction, all the buffers or containers that 
encapsulate the waste glass have dissolved, this will leave the glass itself as the 
final barrier that will prevent the radionuclides from escaping. The chemical 
reactions depend on the composition of the glass, pH of the solution and the 
temperature of the environment (Jain and Pan, 2000; Ojovan and Lee, 2013). 
Hence it is important to understand the glass-water interactions so as to develop a 
better glass host which can retain the waste long into the future. The mechanisms 
of glass corrosion are explained in the next section. 
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2.6.1 Glass corrosion mechanisms 
 When exposed to water, depending on the exact conditions, leaching of 
glass occurs through several different mechanisms. First, the glass surface 
responds to the stress of a fracture or bubbles that may occur during vitrification 
by becoming reactive enough to sorb a variety of molecules (Jain and Pan, 2000). 
Fracture occurs due to the combination of thermal and hoop stresses during 
cooling in the canisters (Bechtel Saic Co., 2004). Second, ion exchange of H3O
+ 
or H+ from water occurs with an available network modifier in the glass which 
will increase the pH of the solution (Ojovan and Lee, 2013). Third, hydrolysis of 
the network former of the glass structure occurs in competition with the previous 
stage by the formation of a silica-rich layer. The time required for silica glasses to 
enter the hydrolysis regime depends on the glass composition and temperature 
(Ojovan and Lee, 2013). At higher temperatures the time required to enter the 
hydrolysis regime is shorter (Ojovan and Lee, 2010; Ojovan and Lee, 2006). Until 
the leached elemental concentrations reach aqueous saturation levels, the glass 
dissolution rate will decrease as much as the silica concentration in the solution 
increases. Silica concentration increases due to the breakdown of the silica 
structure (Jiang et al., 1994). When saturation occurs, the glass species found in 
the water are the same as those found in the glass. This will happens when the 
measured pH in the solution is above 9. At this point, fourth step begins which 
involves surface precipitation of hydrolysed elements that are less soluble (Farges 
et al., 2006; Sheng et al., 1999). The example of the process involved can be 
summarised as (Jantzen and Plodinec, 1984): 
Glass in contact with water at natural pH 
≡ Si–O–M + H2O → ≡ Si–O–H + M
+ + OHˉ     (2.1) 
Glass in contact with alkaline pH water 
≡ Si–O–Si ≡ + OHˉ → ≡ Si–O–H + ≡ Si–Oˉ     (2.2) 
≡ Si–Oˉ + H2O → ≡ Si–O–H + OHˉ       (2.3) 
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Glass in contact with acidic pH water 
≡ Si–O–M + H3O
+ → ≡ Si–O–H + M+ + H2O     (2.4) 
= Si–O–Si(OH)3 + OHˉ → Si–Oˉ + Si(OH)4      (2.5) 
= Si–O–Si(OH)3 + H2O → = Si–OH + Si(OH)4    (2.6) 
 Throughout this process, various layers form on the leached glass surface. 
For instance diffusion layers form (equations 2.1 and 2.2) through an ion 
exchange reaction. A gel layer is also formed through the hydrolysis reaction 
(equations 2.3 and 2.4). Vernaz and Dussossoy (1992) stated the gel layer might 
be a diffusion barrier and trap for species released from the glass. When glass 
corrodes, and its components are released into solution, the leachate may become 
supersaturated with some components. Hence there may be precipitation of 
secondary phases on the surface of the glass or walls of the glass container. Layer 
formation is illustrated schematically in Fig. 7. 
 
 
Fig. 7: Schematic of surface layer of leached glass (Donald, 2010). 
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Fig. 8 shows the normalised elemental mass loss (NL) over time in the 
glass. The NL is calculated by the following (Maeda et al., 2011): 
𝑁𝐿 𝑖(𝑔𝑚
−2) =
𝐶𝑖
𝑓𝑖
 × 
𝑉
𝑆𝐴
 
(2.7) 
where Ci is the concentration (g/m
3) of element i in the leachate, fi is the mass 
fraction of element i in the glass, V is the volume of leachate (m3) and SA is the 
surface area of the glass that is exposed to the leachate. Fig. 8 indicates that ion 
exchange and hydration occur initially when the pristine glass is in contact with 
water. A diffusion layer is formed while maintaining the silicate structure of the 
original glass. As time increases, network hydrolysis occurs forming the gel layer 
and alteration phases. Once the Si concentration increases, the alteration tends to 
decelerate and finally saturation occurs. However, alteration processes may also 
accelerate at the point of saturation if they are driven by alteration product 
formation (Schofield et al., 2011). 
 
 
Fig. 8: Normalised elemental mass loss vs. time (Gin et al., 2000). 
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2.6.2 Main vitreous wasteform leach tests 
 The corrosion of glass is usually determined by measuring the amounts of 
various glass components that are released into the leaching solution. The release 
rates depend on the characteristics of the contact solution and the chemical 
composition of the glass. Corrosion of glass is affected by the network 
connectivity of the glass forming polyhedra linked by the bridging (BO) and non-
bridging oxygen (NBO) bonds. The numbers of BO and NBO bonds in a glass 
structure is determined from knowledge of the Qn structure. The presence of such 
bonds indicates tight structural bonding in the glass system. The higher the BO 
bonds, the more durable the glass is likely to be.  
 Qn is the distribution of the BO / NBO in a glass structure where n is the 
number of BO in the glass. For example, in SiO2 it consists of Q
4-tetrahedra 
which have four bridging oxygens. If oxides are added into the glass structure, 
they may replace the bridging oxygens hence lowering the number of n to Q3, Q2, 
Q1 and Q0. The Qn structural framework for SiO2 for instance can be determined 
by calculating the ratio of the stoichiometry [O]/[Si] = [2]/[1] = 2 stoichiometry. 
Based on Kingery et al. (1976), a stoichiometry equal to 2 is a Q4 structure. List 
of these structures were discussed in Kingery et al. (1976).  
In alkali borosilicate glasses, alkali and boron are released at the fastest 
rate and are often used to monitor the corrosion. Boron and alkali have high 
solubilities in water and are not incorporated into the secondary phases that are 
formed on the surface of the glass. Boron is preferred as a durability indicator 
over alkalis because boron release is more sensitive to reaction kinetics such as 
temperature and pH. However, to study the reaction mechanisms, additional 
components such as Al, Si, and others involved in the reactions are monitored 
(Jain and Pan, 2000). These additional components, or so called additives, will 
give an effect on leaching rates as summarised in Fig. 9. For example, addition of 
Al2O3 will improve the leach resistance of borosilicate glasses while higher 
content of alkalis such as Li2O, Na2O and K2O will decrease the leach resistance 
(Ojovan and Batyukhnova, 2007). 
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Fig. 9: The dependence of the presence of various oxides on the leach rate of waste glasses 
(Ojovan and Lee, 2007) 
 
 Many test methods have been developed to understand glass corrosion 
mechanisms. The methods that are now internationally-approved standards and 
widely used worldwide are the tests that were developed at the Materials 
Characterisation Centre (MCC) of the Pacific Northwest National Laboratory 
(PNNL), USA. Table 4 shows the different standard tests used in determining 
glass durability (Lee et al., 2006; Strachan, 2001). The test methods can be 
categorised as static tests and dynamic tests. In static tests, the leachate is not 
refreshed or replaced, while in dynamic tests, the leachate is continuously or 
periodically refreshed or replaced. MCC-1 is chosen in this project as this is a 
well-established, widely used and basic type test used to compare leaching rates 
among various wasteforms. 
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Table 4: Standard test of durability testing (Ojovan and Lee, 2007) 
Test Conditions Use 
ISO 6961, 
MCC-1 
Deionised water; static; 
monolithic specimen; sample 
surface to water volume SA/V 
usually 10 m-1; open to 
atmosphere 
For comparison of 
wasteforms 
MCC-2 Deionised water; temperature >90 
°C; closed 
Same as MCC-1, but at 
higher temperatures 
PCT (MCC-3) Performance Consistency Test; 
deionized water stirred with glass 
powder; closed 
For durable wasteforms to 
accelerate leaching 
SPFT (MCC-4) Single Pass Flow through Test; 
deionized water; open to 
atmosphere 
Most informative test, 
giving kinetic parameters 
VHT Vapour phase Hydration Test; 
monolithic specimen; closed; high 
temperatures 
Accelerates alteration 
product formation 
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 Current state of the art of Durability Studies 2.7
 Many studies have been done to understand the durability of HLW glasses. 
Current interests are to understand the formation of ‘alteration layers’ after 
corrosion tests and its mechanisms. Table 5 summarises some of the studies done 
examining the surfaces of corroded glasses. 
 
Table 5: Surface studies on HLW glass  
References Area studied Experimental Findings 
Lodding and 
Van Iseghem 
(2001) 
Elemental 
distributions in 
terms of depth for 
SON68 and SM513 
glasses that had 
been leached for 5 
years 
Cameca 3F/4F 
secondary ion micro-
analyser used 
Corrosion in 
SON68 is 20-40% 
slower than in 
SM513 glasses. 
Selective leaching 
mode observed 
where mobile 
elements were 
practically 
eliminated while 
inert elements 
remained in the 
residual network 
gel. 
Chave et al. 
(2007) 
Depth profile 
analysis on 
understanding the 
solid state diffusion 
of SON68 glass 
ICP-AES 
measurements for 
leachates at interval 
2-4 months. 
ToF-SIMS depth 
profiles analyses were 
carried out for glass 
pellets 
S/V and ionic 
strength are not 
key parameter on 
the values of the 
diffusion 
coefficient for 
mobile elements.  
ToF-SIMS results 
complements the 
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calculated 
diffusion 
coefficients from 
ICP-AES. 
Gin et al. 
(2011) 
Understanding 
alteration glass 
properties of 
borosilicate glass 
after 26 years 
leaching in a 
confined granitic 
medium at 90 °C 
TEM, Raman 
microspectroscopy 
and NanoSIMS 
There is thick 
interphase that 
behaves like a 
diffusion barrier. 
Curti et al. 
(2009) 
Alteration on 
“MW” simulated 
HLW glass 
subjected to 
aqueous corrosion 
over 12 years at 90 
°C  
Micro x-ray 
fluorescence, micro 
x-ray absorption 
spectroscopy and x-
ray diffraction 
Alteration of the 
glass is a complex 
process involving 
dissolution and 
partial in-situ re—
precipitation of Ni 
and Cs 
radionuclides. 
Ojovan 
(2016) 
Mass spectrometric 
analysis of an 
artificial cracked 
surface of a sodium 
borosilicate glass 
known as K26 glass 
Laser Ablation 
System New Wave 
UP213 coupled with 
laser ablation-ICP-
MS system 
(to investigate near 
surface structure of 
samples including 
corroded glass 
species) 
The cracked 
surface of the glass 
is enriched with Na 
and slightly 
enriched with B 
but has lower 
content of Mg, Al, 
Ca, Ti and Mo 
compared to the 
initial glass 
surface. 
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3 Experimental 
 Supplied Glasses & Sample Preparation 3.1
 The samples used in this project are alkali borosilicate-based glasses. 
These glass samples were supplied by C. R. Scales from the UK National Nuclear 
Laboratory (NNL), N. C. Hyatt from the Immobilisation Science Laboratory of 
University of Sheffield and J. Marra from the Savannah River National 
Laboratory (SRNL).  
 The as-received 25 wt% waste loaded Magnox glasses were produced by 
NNL in February 2010 from Vitrification Test Rig campaign 10 at Sellafield. 
Oxides were melted at 1050 °C and poured into a storage canister (Scales, 2010). 
The 36 wt% waste loaded Magnox glasses were prepared by a melt quenching 
technique, where the glass frit was mixed with simulant waste in a suitable 
proportion and milled to homogenise the powders. Then the batches were melted 
in a mullite crucible at 1050 °C for 1 h and stirred for 4 h before casting into 
blocks using a preheated stainless steel mould. The batches were then allowed to 
cool before being placed into an annealing furnace at 500 °C for 1 h. After that, 
these glasses were allowed to cool to room temperature at a rate of 1 °C/min. The 
glass preparation process is shown in Fig. 10. International Simple Glass (ISG) 
samples were prepared by Mo-Sci Corporation using similar method as for the 
other two glasses (Marra et al., 2012). 
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Fig. 10: : Example of (a) Mixed glass frit (white) and simulant waste (black), (b) Electric 
furnace used to melt the glass, and (c) Glass samples that have been cut into monoliths. 
These processes performed at the University of Sheffield. Note: Pictures were taken when 
doing the experiment there. 
 
Table 6 shows the nominal composition of the as-received glasses (in 
weight percent) used in their batch preparation. The compositions were also 
measured using x-ray fluorescence (XRF) Thermo Scientific Mini 900 instrument 
in the Chemical Engineering Department, Imperial College London. The 
measured values were different from the given value provided by each institution. 
However, because XRF is a semi quantitative technique, lighter elements from Na 
such as B and Li cannot be detected and measured. Error values for each element 
are based on instrumental standard error. 
 
 
 
(a) (b) 
(c) 
1 cm 
1 cm 
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Table 6: Composition of waste glasses (in wt% ). ‘--‘ indicates component not present. 
 25 wt% 
Magnox 
(NNL) 
36 wt% Magnox 
(Sheffield) 
International Simple Glass 
(SRNL) 
 givena givenb measured* givenc measured* 
SiO2 47.1 not given 31.82 ± 0.47 56.2 38.2 ± 0.38 
B2O3 16.7 not given unidentified 17.3 unidentified 
Na2O 8.5 not given 5.54 ± 1.29 12.2 7.33 ± 0.91 
Li2O 4.0 not given unidentified - -- 
CaO -- -- -- 5.0 5.28 ± 0.47 
Al2O3 4.3 11 4.92 ± 1.20 6.1 3.84 ± 1.14 
BaO 0.52 0.87 0.64 ± 0.02 - -- 
CeO2 1.1 2.7 2.11 ± 1.07 - -- 
Cr2O3 0.64 1.5 0.91 ± 0.02 - -- 
Cs2O 1.0 2.3 2.18 ± 1.29 - -- 
Fe2O3 3.0 7.6 5.41 ± 0.59 - -- 
Gd2O3 -- <0.1 0.05 ± 0.01 - -- 
La2O3 0.56 1.4 0.95 ± 0.01 - -- 
MgO 4.5 11.9 3.84 ± 0.84 - -- 
MoO3 1.4 3.1 1.49 ± 0.42 - -- 
Nd2O3 1.6 4.1 3.98 ± 1.74 - -- 
NiO 0.48 0.94 0.65 ± 0.01 - -- 
Pr2O3 0.52 1.3 0.87 ± 0.01 - -- 
RuO2
 0.49 0.97 1.84 ± 0.01 - -- 
Sm2O3 0.36 0.92 0.74 ± 0.03 - -- 
SrO 0.29 0.74 0.52 ± 0.08 - -- 
TeO2 0.17 0.38 0.26 ± 0.05 - -- 
Y2O3 0.17 0.46 0.33 ± 0.01 - -- 
ZrO2 1.4 3.2 2.22 ± 0.38 3.3 4.29 ± 0.22 
Total 100   100  
a
Composition measured by NNL and given in Scales (2011)  
b
Composition provided by ISL and is for the simulant waste only  
c
Composition measured by SRNL and given in Marra et al. (2012) 
*Composition measured by XRF at Imperial College London 
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Below are details for each sample: 
a) 25 wt% Magnox glass is a glass resembling the actual UK Magnox waste; 
75 wt% glass frit i.e SiO2, B2O3, Na2O and Li2O acting as glass formers 
added with 25 wt% of other elements that are simulant HLW oxides. As 
mentioned in Chapter 2, Magnox waste has high Mg- and Al- content.  
b) 36 wt% Magnox glass also resembles the initial Magnox glass but with a 
higher waste content. The purpose of having higher waste loading is to try 
minimise the volume of the wasteform in storage and GDF but 
maintaining its durability.  
c) ISG consists of only six components but is thought to be a good 
compromise between simplicity and a representation of waste glasses 
(Marra et al., 2012). Tests are done on this glass for easy comparison of 
the glass corrosion mechanism. It may remove potentially complex 
interactions but should enable understanding of the dominant processes at 
different stages of corrosion. 
 
 The as-received glasses were supplied in bulk samples of approximate 
dimension 10 × 2 × 2 cm. These glasses were then cut into small monoliths of 
dimension approximately by 1 × 1× 0.2 cm using a Struers diamond saw. They 
were then ground with sequentially finer grit SiC papers (from 600 to 4000 grit) 
with water as a lubricant before polishing to a finish of 1 μm with diamond 
suspensions prior to further testing and characterisation. Fig. 11 shows examples 
of the glasses before and after polishing. It is acknowledged that polishing of glass 
surface will have an impact on the leaching rates (Jain and Pan, 2000; Clark and 
Zoitos, 1992), however this is mandatory for later characterisation of the glass. 
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Fig. 11: (a) ISG glass coupons before and after polishing and (b) 36 wt%  Magnox glasses 
after polishing. 
 
 Characterisation techniques and procedures 3.2
3.2.1 X-Ray powder Diffraction (XRD) 
 
 XRD was used to identify the crystalline phases present in the glasses. 
When a material is irradiated with a parallel monochromatic X-ray beam, the 
atomic lattice of the material diffracts the X-ray beam to specific angles. The 
diffraction pattern, including the position (angles) and intensities of the diffracted 
beam, provides information notably about the crystal structures of the present 
phases. XRD is based on Bragg’s Law: 
𝑛𝜆 = 2 𝑑 sin 𝜃 
 (3.1) 
where n is an integer, λ is the wavelength of the incident X-ray beam, d is the 
distance between atomic layers in the crystal and θ is the angle of the incident 
beam. Fig. 12 shows the schematic diagram of the crystal’s X-ray diffraction.  
(a) (b) 
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Fig. 12: Schematic of X-Ray Diffraction by a crystal (West, 2014) 
  
In this project, a Bruker D2 desk-top instrument was used to analyse the 
phases of the glass samples. The diffractometer employs Cu Kα radiation with a 
scan range 2θ of 10° – 80°. The X-ray tube was operated at 30 kV and 10 mA. 
Monolith samples were placed in a sample holder for loading into the 
diffractometer. XRD traces were peak-matched to crystal phases detailed in the 
International Centre for Diffraction Data (ICDD) database using Xpert High Score 
Plus software. 
 
3.2.2 Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray 
Spectroscopy (EDX) 
 
 SEM analysis of glass samples was conducted using a JEOL JSM 6400 
operating at an accelerating voltage of 20 kV and equipped with a Link Analytical 
Be window (Energy Dispersive X-ray Spectroscopy (EDX) unit. Secondary 
Electron (SE) images and backscattered electron (BSE) images were collected 
from the samples along with EDX spectra. Samples were coated with carbon 
using an EMITECH K550 model sputter coater and painted with silver paint at the 
sample edges before analysis to avoid charging effects. 
 The working principle of an SEM is based on electron-sample interactions. 
When the primary beam hits a sample, Auger electrons, secondary electrons, 
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backscattered electrons and X-rays are produced. These provide signals to the 
detector and give information on surface topography and composition. However, 
having a beryllium EDX window makes lighter elements i.e elements with atomic 
number less than 11 such as B and Li difficult to detect. 
 
3.2.3 Scanning and Transmission Electron Microscopy (STEM and TEM) 
with Energy Dispersive X-Ray Spectroscopy (EDX) 
 
 JEOL 2000FX (for Transmission Electron Microscopy, TEM) and 
JEOL2100FX (for Scanning Transmission Electron Microscopy, STEM) 
microscopes were used for cross sectional characterisation of the glass samples. 
The microscopes both operate at accelerating voltages of 200 kV. Double tilt 
holders are employed in the microscopes, allowing samples to be tilted along two 
axes. Bright-field (BF) micrographs and selected-area diffraction (SAD) patterns 
were taken using the JEOL 2000FX and EDX (Oxford Instruments INCA 80 mm 
x-max detector) spectra for line scans were collected using the JEOL 2100FX. 
The EDX is capable to detect elements with atomic number more than 5. STEM 
was needed for EDX as it has the ability to focus the electron beam into a 
“narrow” spot so analysis on “thin” alteration layer that formed on the samples 
after corrosion is easier. 
 Sample cross-sections were prepared by the FIBing technique using a 
Helios NanoLab 600 facility. A small area (approximate 2 × 3 μm2) of the sample 
is cut and thinned by ion beam milling to create an electron-transparent area. Pt is 
then deposited at the site of interest to protect the samples during FIB lifting. 
Then a fine-glass tip is used to lift out the strip sample and place it on a support 
grid for TEM characterisation. However, there were problems on cutting the ISG 
samples as charging disrupted the cutting process.  
 TEM and STEM both work by transmitting electrons through an ultra-thin 
(< 100 nm) specimen. The electrons then are scattered by and emerge from the 
specimen, giving information about the microstructure. Both instruments give 
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high resolution images as well as information on the crystal structure of the 
sample by using diffraction mode. 
 
3.2.4 Time-of-Flight Secondary Ion Mass Spectrometry (Ion ToF-SIMS) 
 
 SIMS works by bombardment of target samples by an energetic primary 
ion beam (i.e. Cs+, O+, Bi+). In a dual beam time-of flight system, typically, the Cs 
or O2 ion beams are for sputtering away material, while the Bi primary ion beam 
is for materials analysis. Interactions between primary ion beam and the sample 
eject secondary ions and molecules from the surface with different velocities and 
masses. They are then accelerated (at the same velocity) into a field free flight 
tube and the mass-to-charge ratio of these ions is measured as the ions strike a 
detector plate. The lightest, and therefore fastest ions arrive first followed by ions 
of increasing mass. A mass spectrum is produced and gives the composition of the 
samples. 
 An advantage of SIMS is that it can analyse the sample not only from the 
surface but inside the sample itself. Layer-by-layer analysis can be done by depth 
profiling in which a scan is rastered over the area to be analysed. The atoms on 
the sample surface will be ejected and the surface is gradually eroded. Since the 
surface is continuously eroded, chemical information as a function of depth can be 
determined.  A schematic of an Ion ToF-SIMS unit is shown in Fig. 13. 
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Fig. 13: Schematic of SIMS instrument (courtesy of S. Fearn, Imperial College London). 
  
 At the beginning of this project, an IONTOF SIMS V instrument was used 
to profile the glass samples in terms of depth to observe the composition 
distributions of the samples before and after leaching tests. However, since glass 
is insulating, positive charge from the ion beam builds up on the glass surface, and 
impedes further depth profiling. This greatly affects the sensitivity of the 
analytical technique. 
 Fig. 14 shows an example of the results obtained when depth profiling one 
of the 25 wt% Magnox glass samples. A 2 keV Cs+ ion beam was used to depth 
profile the sample (Fig. 14a). Enrichment of ions was observed initially, however, 
after 400s sample charging makes the signal noisy and unreliable. In Fig. 14b, the 
experiment was repeated with a low energy (1 keV). A more stable signal is 
obtained but detection of the B+ is limited and Mg+ is above the measurement 
range of the detector used. Again, this also makes this data unreliable. Many tests 
were done on different samples but the results obtained were inconsistent. 
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Fig. 14: Depth profile of 25 wt%  Magnox leached at 14 days at (a) 2 keV and (b) 1 keV ion 
beam. 
  
More depth profile tests were done on this sample using the Cameca ims 
3f instrument (tests done by Loughborough Surface Analysis Ltd., Loughborough, 
UK). The primary ion beam used in this instance was a O¯ primary ion with 
positive secondary ion detection. A negative ion beam was used to reduce charge 
compensation effects, and a high beam energy was used (10 keV) to improve 
detection limits and image resolution. A good depth profile was obtained for 
shorter leached samples (where depletion of ions was clearly observed) but severe 
charge compensation occurs for longer leached samples. This happens due to the 
presence of several corrosion layers after leaching, which all require different 
levels of charge compensation that cannot be obtained in the instrument, as 
illustrated in Fig. 15. 
(a) 
(b) 
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Fig. 15: Depth profile of 25 wt%  Magnox leached at (a) 7 days and (b) 14 days. At 7 days 
depletion and enrichment of ions were clearly observed. However, at 14 days sample 
charging occurs and makes the signal noisy. 
 
 To circumvent these problems, a new experimental approach was 
developed. A wedge was made on the sample surface using an FEI Focussed Ion 
Beam (FIB) 200-SIMS instrument as shown in Fig. 16. The wedge depth was 
measured using a Zygo white light optical interferometer. Then ion mapping of 
sample surfaces was taken using an IONTOF SIMS V instrument. A 25 keV 
primary ion beam of 1 pA current was used and rastered over a selected area of 
the wedge to map the chemical distribution of the elements of the glass. Different 
fields of view were used depending on the wedge size for every sample. Data 
obtained from the ion image (Fig. 17) was extrapolated and plotted into a line 
scan to give ion profiles in terms of depth. Each sample was analysed once. 
(b) 
(a) 
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Fig. 16: (a) Plane and (b) side view of the wedge made. 
                                       
Fig. 17: Example of an ion image obtained from the ToF-SIMS. Data collected for the line 
scans extrapolation is from the centre of the wedge as shown in figure. 
 
3.2.5 ZYGO 
 
 Zygo OMP-0360G is an optical microscope used to determine the depth of 
the wedge made for Ion ToF-SIMS characterisations. The principle applied is 
based on the interferometry concept. Interferometry is a technique where the 
amplitude of two waves adds to each other if they have the same frequency. If 
these waves are in phase, the resulting wave will sum to twice the amplitude. 
However, when these waves are out of phase by 180°, the result will sum to zero 
amplitude. This adding and cancelling wave property is known as superposition 
and results in bright and dark fringes known as interference fringes. These fringes 
can be viewed on a screen that is connected to the microscope. The intensity of 
150
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the fringe will be measured by a detector. Each pixel of the sensor measures the 
intensity of the light and the fringe obtained can be used to calculate the position 
of the surface (National Physical Laboratory, 2008). From the position obtained, 
the wedge’s angle can be determined using the Micro.app software that is 
installed with the Zygo instrument. Once the angle is known, the depth of the 
wedge can be calculated to be used for the ToF-SIMS data. Fig. 18 below shows 
an example of the measured angle for 36 wt% Magnox glass leached for 7 days.  
 
 
Fig. 18: Surface map (left) and surface profile (right) of 36 wt%  Magnox glass. Angle 
measured was approximately 6.65°. 
 
 Depth for each sample can then be easily calculated using simple 
trigonometry equations by the measured angle. The depth scale is calculated using 
the equation below: 
𝐷𝑒𝑝𝑡ℎ, 𝑧 =
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑎𝑙𝑜𝑛𝑔 𝑤𝑒𝑑𝑔𝑒,𝑥
𝑀𝑎𝑔𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑒𝑑𝑔𝑒, 𝑀
 
 (3.2) 
where M is calculated using  
𝑀 =
𝑥
sin 𝜃⁄
𝑥
 
 (3.3) 
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where x is the length of the f.o.v and θ is the wedge angle in radian. If θ is small, 
M is nearly the same as the reciprocal of the wedge angle i.e 𝑀 ≫ 1 𝜃⁄ . Fig. 19 
below shows the comparison between 𝑀 = 1 𝑠𝑖𝑛𝜃⁄  and 𝑀 =
1
𝜃⁄  for θ between 
10-1 and 10-6 radians (Fearn, 2000).  
 
 
Fig. 19: (a) Trigonometry image and (b) Graph on correlation of M vs θ (Fearn, 2000). 
 
3.2.6 Leach testing 
 
 Glass samples were subjected to aqueous corrosion in a static mode at 90 
°C in deionised water (dH2O) for a period of one to four weeks. This test is called 
MCC-1 and is a standard test done to study the nuclear wasteform durability 
(ASTM, 2004). The surface area of the glass to the water volume ratio (SA/V) is 
approximately 10 m-1 for all experiments (Lee et al., 2006). Perfluoroalkoxy 
(PFA) vessels are used for the durability test because it does not interact with 
water and it can withstand high temperatures up to 260 °C. To ensure that the 
samples are not contaminated by the environment, leach testing is done in closed 
vessels.  
 All samples and vessels were cleaned prior to leach testing. They were 
soaked in dH2O then ethanol for 5 minutes using the ultrasonic cleaner and finally 
rinsed 3 times with dH2O and left to dry a few minutes in the drying oven at 90 
°C. Once the leaching tests finish, the samples were dried and kept in sample 
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boxes before being characterised. The leachates were filtered using 0.2 μm filter 
paper to be used for chemical analysis. 
 
3.2.7 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
 
ICP-OES works by pumping the leachates into a nebuliser. The leachates 
then turn into a mist and collide with plasma that has been generated in the ICP 
torch. This collision turns the sample into charged ions and ionisation occurs. By 
losing energy, light at characteristic wavelengths is emitted and gives information 
about the elements involved. The total number of light emitted is directly 
proportional to the elements concentration in the samples. The photons collected 
are converted to an electrical signal by a photodetector, amplified and processed 
by a detector, which is then displayed and stored in the computer (Hou and Jones, 
2000).  
A Perkin Elmer ICP-OES instrument was used to measure the 
concentrations of ions that have been leached out of the samples. 1ml of leachates 
from each glass sample were taken and diluted on a ratio of 1:10 in dH2O for 
analysis. Beforehand, multi-element standard solutions (MBH Analytical Ltd.) 
were prepared and tested alongside the sample solutions to ensure the accuracy of 
the ICP-OES measurements. List of standard solutions used is shown in Table 7. 
The standard solutions were also diluted in dH2O at required concentration prior 
to testing to create a calibration curve. Measurements were repeated at least three 
times, calculating mean and standard deviations, to get a precise and an accurate 
result. Errors assigned to the analyses correspond to instrumental uncertainties 
depending on the difference between measured concentration and elemental 
detection limit. 
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Table 7: List of standard solutions 
No. Elements Characteristics 
1. Zn, B, Cr, Fe, Ni and Te 1000ppm in 5% nitric acid 
2. Mo, Si 1000ppm in 5% nitric acid 
3. Ru 1000ppm in 20% hydrochloric acid 
4. Al, Gd, La, Sm, Y and Zr 1000ppm in 5% nitric acid 
5. Na, Ca, Ba, Ce, Cs, Nd, Pr, Sr and Li 1000ppm in 5% nitric acid 
 
Elemental concentrations obtained post-analysis are used to calculate the 
normalised mass loss, NLi (g/m
2) for these elements and was calculated using 
equation 3.4 below: 
𝑁𝐿 𝑖 = (
𝑚𝑖
𝑓𝑖  ∙ 𝑆𝐴
) 
 (3.4)  
where  
m is the mass of element i in the filtered leachate (g) (m is calculated using 
equation 3.5 below),  
fi is mass fraction of element i in the unleached sample (unitless),  
SA is surface area (m2). 
Mass of element i, mi is calculated as below: 
𝑚𝑖 = (𝐶𝑖𝑗 − 𝐵𝑖)  ∙  𝑉𝑗 
 (3.5) 
where  
Cij is the concentration of element i observed in the filtered leachate from 
specimen j averaged over replicate aliquots (mgl-1),  
Bi is average concentration of element i observed in the filtered leachate 
from blanks, averaged over replicate aliquots and replicated blanks, and  
61 
 
Vj is the initial volume of leachate in test vessel containing specimen j. 
Leachates were filtered using 0.2 µm filter paper as mentioned in Section 
3.2.6. 
Both of these equations were adapted from ASTM (2004). 
 Normalised leaching rates of the element i (NRi, g/m
2/d) can be obtained 
by deriving equation (3.4) as a function of leaching time (Horlait et al., 2012): 
𝑅𝐿 𝑖 =
𝑑𝑁𝐿𝑖
𝑑𝑡
=
1
𝑓𝑖𝑆𝐴
𝑑𝑚𝑖
𝑑𝑡
 
 (3.6)  
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4 Results for 25 wt% Magnox glass samples 
 Phase and microstructural analysis 4.1
 The broad peak in XRD of unleached and leached 25 wt% waste loading 
Magnox glass sample (Fig. 20) confirms the samples are largely amorphous but 
with sharp peaks from two crystalline phases. One matches tetragonal ruthenium 
oxide (RuO2) (labelled Ο; ICDD card [01-088-0322]) while the other is spinel 
with general formula MM”2O4 (labelled Δ, ICDD card [01-077-0007 / 01-075-
1728]). In leached samples, the crystal peak heights increase with increasing 
leaching time which indicates higher proportions of crystals in the surface 
corrosion layers. 
 
 
Fig. 20: X-ray diffactograms of the Magnox glass (a) unleached and leached for (b) 7, (c) 14, 
(d) 21 and (e) 28 days. 
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 SEI of the unleached glass (Fig. 21) shows the glass is homogeneous and 
also reveals the crystal morphologies i.e. blocky-like crystals and needle-like 
crystals labelled B and C respectively. EDX (Fig. 22a) from the glass (labelled A 
in Fig. 21) revealed the glass contained Zr, Al, Mg, Na, Fe, Nd, Cs, Si and O. 
Meanwhile EDX (Fig. 22b) of blocky-like crystals (labelled B in Fig. 21) are Mg-, 
Cr- and Ni- rich and EDX (Fig. 22c) of needle-like crystals (labelled C in Fig. 21) 
shows they are Ru- rich. The EDX results in compliment to XRD thus indicate the 
spinel phase are (Mg, Ni)Cr2O4 and confirm the presence of RuO2 crystals. 
 
 
Fig. 21: SEI of unleached sample showing crystals A and B; and glass area, C. 
 
 
 
 
 
 
 
 
 
C B 
A 
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Fig. 22: EDX spectra of (a) glass, (b) crystal B (spinel) and (c) crystal C (RuO2) in unleached 
sample. 
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 After leaching tests over a period of 7 to 28 days, the same crystals were 
found as in the reference (unleached) sample as shown in Fig. 23 and Fig. 25. 
However, cracks were observed on the glass surface. The cracks emanated from 
the crystals and completely covered the surface. It has been suggested that these 
cracks were generated due to release of mobile ions from the glass creating stress 
between the glass and crystals (Rose et al., 2011) although thermal expansion 
mismatch stress may also play a role. EDX (Fig. 24) confirmed these crystals had 
the same composition as found in the reference sample which are spinel and RuO2 
crystals.  
 After 28 days of leaching, the surfaces were completely fractured over the 
entire surface (Fig. 25c) due to alkaline and alkaline earth ion depletion and 
hydration of the layer (Rose et al., 2011; Bardi et al., 2013). The outer layer was 
fragile and easily lifted from the surface. Higher magnification examination of the 
surface layer revealed crystals precipitated on it (region Z in Fig. 25c) while the 
bulk glass (region X in Fig. 25c) reveals open pore structures indicating removal 
of some species or crystals from the bulk surface. 
 
 
Fig. 23: SEI of 7 days leached samples. Cracks occurred on the surface (within the alteration 
layer). Point A is the glass bulk, B is the crack, C is spinel and D is RuO2. 
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Fig. 24: EDX of crystals and glass surface of 7 days leached glass sample. Letters indicate 
regions in Fig. 23 from which the spectra were collected. 
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Fig. 25: SEI of (a) 14, (b) 21 and (c) 28 days leached samples. X and Z are magnified area of 
the bulk and surface layer (circled in Fig. 25c) respectively. 
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 To help understand the layer formation, FIB-TEM cross-sections were 
taken from all samples. Fig. 26a shows a bright-field TEM image of the unleached 
glass. Electron diffraction (Fig. 26b) shows a diffuse halo amorphous pattern and 
EDX (Fig. 26c) is consistent with the glass compositions. 
 
 
  
Fig. 26: (a) Bright field image, (b) Electron diffraction pattern and (c) EDX of reference 
(unleached) sample. Note: Platinum (Pt) was deposited on the top surface of the glass cross -
section. 
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 After being leached for a week, several layers (areas marked A to D) were 
observed on the glass samples as shown in Fig. 27a. EDX spectra (Fig. 27b) taken 
from area A show it contained high Cr levels indicative of Cr-based spinel. A 
thick Si-rich layer at approximately 100 nm was observed at layer B. Going from 
C to D, EDX spectra (Fig. 27b) shows most of the elements contained in the glass 
sample, indicating they are the bulk area.  
 
 
 
Fig. 27: (a) Bright-field TEM micrograph of 7 days leached glass showing layers A – D and 
(b) EDX spectra for respective layer shown.  
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 In 14 days leached samples, there are two layers (A and B) at a depth of a 
few microns as shown in Fig. 28. At layer marked A, EDX shows high contents of 
Zr, Fe and Zn. These elements were probably mostly detected due to the copper 
ring of the sample holder. Traces of Al, Mg and Si were also detected for all 
layers. However, no Na was found in layer B which indicate Na has diffused from 
the bulk.  
 At a different area of the 14 days leached sample (approximately 1.5 μm 
depth from the surface), blocky-like and needle-like features were observed (Fig. 
29). These are probably crystals that were already in the glass as observed in Fig. 
21. EDX shows that blocky-like crystal A has high Cr, Mg, Fe, and Ni content 
while needle-like crystal B is high in Ru consistent with them being spinel and 
RuO2 respectively. 
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Fig. 28: (a) Bright-field TEM image of 14 days leached sample and (b) EDX spectra of areas 
marked A - D respectively. 
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Fig. 29: (a) Bright-field TEM image and (b) EDX of A spinel and B RuO2 crystals after 14 
days leaching. 
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 Two layers (A and B) are also observed in the 21 days leached samples as 
shown in Fig. 30a. EDX spectra for each layer (Fig. 30b) shows similar 
composition as found in samples leached for 14 days. In different areas of the 
glass cross-section, a blocky-like crystal was observed (Fig. 31a). Diffraction 
pattern and EDX (Fig. 31b) were taken from this crystal revealing the same 
composition as crystal A from Fig. 29 which was Cr-based spinel. 
 
 
 
Fig. 30: (a) Bright-field TEM image and (b) EDX of A outer layer and B inner layer of 
sample leached for 21 days. EDX of area C revealed the same elements as present in area B. 
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Fig. 31: (a) Bright-field TEM image and (b) Surface area diffraction (SAD) pattern from 
crystalline area of 21 days leached samples  with EDX from area A in (a). SAD pattern 
indicates that this is spinel crystal. 
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 Bright-field TEM micrograph (Fig. 32a) and EDX (Fig. 32b) from a 
sample leached for 28 days reveals only one layer. This layer A was Si-rich while 
area B is the bulk volume as confirmed by EDX.  
 
 
 
  
Fig. 32: (a) Bright-field TEM image and (b) EDX spectra from outer layer A and bulk glass 
B in 28 days leached sample. 
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 Based on the bright-field TEM images, development of layers after 
leaching was clearly observed. The measured thickness of these layers can be 
summarised as below: 
 
Table 8: Thickness measured vs. leaching time 
Leaching time (days) 
Thickness (±0.001µm) 
Layer 1 Layer 2 Total 
7 days 0.14 0.02 0.16 
14 days 0.20 0.42 0.62 
21 days 0.48 1.29 1.77 
28 days 0.29 - 0.29 
  
 
Table 8 reveals that as leaching time increases, the thickness of each layer 
increases. However, the layer thickness for 28 days sample is thin compared to the 
others. One reason for this might be that the outer layer of the sample has been 
lifted off from the sample surface during FIB sample preparation. This is 
supported by the observation made by SEM (Fig. 25c) showing fractured and 
fragile surfaces of the samples. 
 Furthermore, there are trends on the elemental detection based on the EDX 
results. Lower Si detection was observed on the outer layer. Meanwhile Na was 
detected in the outer layer and it was not detected in the intermediate layer. Mg 
and Al were always detected in the outer layer. These ion distribution trends will 
be more accurately characterised in the next section. 
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 Surface analysis 4.2
 Ion mapping was done to support the FIB-TEM analysis and help 
understand the leaching mechanism. A wedge was made on all samples 
beforehand using FIB for ToF-SIMS ion mapping as described in Section 3.2.4. 
The wedge started from the right side and goes deeper into the sample bulk going 
to the left. Ion mappings were done in colour for easy comparison. The colour 
scale bar on each ion mapping image represents the intensity of the ions that was 
detected by the instrument. The maps were normalised to the total ion count. 
Colour scale runs from black being 0 and white being the maximum normalised 
ion counts. From these ion mappings, extrapolation of line scans was then taken to 
observe depth profile for each samples. Using these profiles, the ions distributions 
can be clearly observed.  
 Fig. 33a, Fig. 34 and Fig. 35 show ion distribution for selected elements of 
the samples from unleached to 28 days leached samples. Only a few elements are 
shown here i.e. Si, Na, Mg, and Al to compare the observations from TEM results. 
Meanwhile, ion distribution of Li and B are also shown here as these elements 
(lighter atomic number i.e. less than 11) cannot be detected by EDX in the TEM 
and SEM but can be detected by ToF-SIMS.  
 Fig. 33a shows the ion maps of the unleached sample while Fig. 33b 
shows the extrapolation of its depth profile. The profile is marked into two 
regions: (i) a marker showing the start of the sample’s wedge and (ii) the region 
from the surface to the bulk. Based on the ion maps, the colour scale shown for 
each ion was the same from right (surface sample) to left (bulk) and its line scans 
also had consistent intensity through the bulk. This indicates the elements in the 
glass were evenly distributed from the surface into the bulk.  
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Fig. 33: (a) Normalised ion images and (b) depth profile of a reference sample at field of view 
of 37 x 37 μm2. 
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at 14 (Fig. 34b) and 21 (Fig. 34c) days leaching tests and is enriched again after 
28 days leaching (Fig. 34d). B, however, is completely depleted near the surface 
throughout the leaching tests and can only be observed in the bulk area. B is 
commonly known to have a hydrophilic characteristic (Sheng, 1999) so having a 
tendency to react in wet environments. As for Na, it is depleted near the sample 
surface but spreads on the glass surface. Based on the colour changes on the glass 
surface, the Na intensity increases with leaching times. This might indicate 
precipitation of these ions on the surface and that they precipitate more with 
leaching time. The same trend is also observed for Li perhaps because both of 
these ions are in the same group of the Periodic Table hence having similar 
characteristics. Enrichment of Mg near the surface sample is observed between 7 
and 28 days leaching but Mg has its highest intensity after 7 days leaching. For 
Al, it was evenly distributed at the near surface through the bulk for 7, 14 and 28 
days leaching tests samples. However, in the 21 days leached sample enrichment 
of this ion is observed on the surface.  
Line scans were then taken from the ion image of glass leached for 7 days 
to obtain depth profiles (Fig. 36a). Complex layers were observed and can be 
divided into several regions: region (i) shows the glass surface, (ii) beginning of 
wedge, (iii) and (iv) along the surface of the wedge, and (v) the end of wedge (this 
is called the ‘wall’ due to skirting effects during FIBing). Region (iv) shows the 
distribution of all ions were constant in the bulk. Meanwhile at region (iii), Na, Li 
and B have been depleted indicating that these ions were leaching out. Other ions 
remain constant apart from Si and Al which show signs of ion enrichment. At 
region (ii) enrichment of Si and Mg were observed. Enrichment of Na and Li was 
observed at region (i). The bright-field TEM image of this sample (Fig. 27) shows 
good correlation to the regions observed i.e. regions (i), (ii) and (iii). 
 Line scans of a sample leached for 14 days are shown in Fig. 36b. Several 
layers were also observed and can be divided into few regions. Region (i) shows 
the surface sample, (ii) inter-layer of the sample, (iii) is the bulk and (iv) is the 
skirting effect. The distributions of ions in the bulk (region iii) are constant as 
expected indicating ions were well distributed in the bulk. At region (ii), 
enrichment of Si, Mg and Al was observed at this region. This might indicate 
formation of a Si-rich layer begins. At region (i), at depth of almost 2 μm, Na and 
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Li ions were depleted indicating these ions have been leached out during the 
leaching test. 
 After 21 days leaching (Fig. 36c), three regions were observed. Region (i) 
shows the area on the sample surface, region (ii) is the area from the start of the 
wedge and along the wedge, while region (iii) is the end of wedge (and wall due 
to the skirting effect). Enrichment of Mg and Al was also observed on the sample 
surface (region (i)) as has been observed from the 14 days leached sample. As 
these ions moved to the beginning of the wedge, they started to deplete and 
become constant through the bulk. This observation indicates that these ions have 
been leached out and precipitate on the surface. Meanwhile at other areas from 
region (i), enrichment of Na and Li ions was also observed which indicates 
precipitation of these ions on the surface. At region (ii), Na, Li were depleted at 
the near surface which indicates the ion exchange process. As for other ions, they 
remain constant from the near surface through the bulk. 
 Fig. 36d shows the line scan of the 28 days leached sample. This figure is 
divided into 3 regions: (i) on the surface, (ii) along the wedge into the bulk and 
(iii) end of wedge. Enrichment of Na and Li was observed on the sample surface. 
This indicates these ions precipitates forming an ‘alteration’ layer after being 
leached at longer times. This phenomenon was also observed by the SE images in 
Fig. 25. At the beginning of the wedge (region ii), enrichment of Si was observed 
while other ions had constant intensity near the surface into the bulk. 
To summarise the results obtained in Fig. 36. First, ion exchange process 
occurs as expected when glass is in contact with water. As mentioned earlier, 
alkali ions, i.e. Na and Li, are depleted indicating that these ions were removed 
from the glass surface. This process can be observed on the region (i) of Fig. 36a 
where the intensity level of most ions was reduced compared to the bulk region. 
As these ions leached out, silanol (Si-OH) bonds remain near the surface (Jones, 
2013). This is clearly shown in Fig. 36a-d where there is an enrichment of Si ions 
near the surface region. Hydrolysis reaction occurs in which Si-O-Si bonds broke 
and formed the silanol bonds (Jones, 2013; Menard et al., 1997). However, since 
the scan was done for positive polarity, negative ions i.e. OH are not shown here. 
At this region, enrichment of Mg ions was also observed. Finally, as the alkali 
81 
 
ions are depleted, they precipitate back on the glass surface forming another layer 
the so-called ‘alteration layer’ on top of the glass surface as shown at region (i) of 
Fig. 36a-d. At longer leaching time, other ions e.g. Mg and Al also precipitate on 
the surface forming crystals of spinel as previously observed by SEM and TEM in 
Section 4.1. 
 
 
Fig. 34: Normalised ion images of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 days leached 
samples at field of view of 150 x 150, 70 x 70, 150 x 150 and 150 x150 μm2 respectively. 
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Fig. 35: Normalised ion images of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 days leached 
samples at field of view of 150 x 150, 70 x 70, 150 x 150 and 150 x150 μm2 respectively. Small 
‘rectangular shape’ in (c) which is circled in white is an indicator of the position of the wedge 
on the sample. 
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Fig. 36: Line scans of (a) 7 days leached, (b) 14 days leached, (c) 21 days leached and (d) 28 
days leached samples. Blue coloured region is a damage area due to FIB skirting effect. 
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 Chemical (aqueous) analysis 4.3
 Concentrations of selected ions i.e. Al, B, Cr, Fe, Li, Mg, Na and Si found 
in the leachates after 7 to 28 days corrosion are shown in Table 9. From these 
values (Table 9), NLi is calculated using equation 3.4 and plotted in Fig. 37. 
Leaching rate for each element is obtained from the slope of the NL graph. 
 
Table 9: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 days. 
 7 days 14 days 21 days 28 days 
Al 1.360 ± 0.006 0.079 ±0.006 0.776 ± 0.008 1.278 ± 0.018 
B 3.559 ± 0.242 1.883 ± 0.271 2.705 ± 0.199 19.331 ± 0.152 
Cr 0.079 ± 0.046 0.085 ± 0.057 0.030 ± 0.062 0.049 ± 0.151 
Fe -- 0.159 ± 0.082 0.096 ± 0.218 0.057 ± 0.121 
Li 1.329 ± 0.025 0.878 ± 0.032 1.044 ± 0.025 6.475 ± 0.082 
Mg 0.803 ± 0.051 1.008 ± 0.004 1.424 ± 0.01 0.489 ± 0.013 
Na 5.187 ± 0.141 2.622 ± 0.031 3.437 ± 0.076 21.879 ± 0.297 
Si 9.875 ± 0.457 6.651 ± 0.345 9.089 ± 0.636 33.955 ± 0.752 
 
 For each element, the normalised elemental mass loss is incongruent. B, 
Na and Li leached at similar rates but the normalised mass loss of Si was less than 
B, Na and Li. However, leached rates for these ions were rapid between 21 and 28 
days. A similar trend was observed for leaching rate to 21 days by Zhang et al. 
(2015) for borosilicate glass leached at 200 °C in deionised water. However, after 
21 days, the leaching rate for their glass was slower compared to 25 wt% Magnox 
glass. This is believed due to the change of composition in their glass where Ca 
and Zn were added to the glass system hence improving its durability for short 
time frames (Zhang et al., 2015).  
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 The normalised elemental mass loss of Mg found in the leachate however 
was quite small compared to other elements and its leaching rate is slower after 21 
days leaching. This might be due to re-precipitation of Mg onto the glass making 
the concentration of this ion in the leachate small. Similar observations were made 
by Debure et al. (2012) where Mg-bearing phases precipitate after 28 days 
leaching.  
 
 
 
Fig. 37: Normalised mass loss, NLi for i = B, Na, Li, Al, Mg and Si. 
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5 Results for 36 wt% Magnox glass 
 Phase and microstructural Analysis 5.1
 XRD traces of unleached and leached 36 wt% waste loaded Magnox glass 
are shown in Fig. 38. The XRD broad peak shows that the samples are amorphous 
but with traces of two crystalline peaks. One is tetragonal ruthenium oxide (RuO2) 
(labelled O; ICDD 01-088-0322) and the other is spinel with general formula 
MM”2O4 (labelled Δ, ICDD card [01-077-0007 / 01-075-1728]). In leached 
samples, the crystal peak heights increase with increasing leaching time which 
indicates higher proportion of crystals in the surface corrosion layer. 
 
 
Fig. 38: X-ray diffactrograms of the Magnox glass (a) unleached and leached for (b) 7, (c) 14, 
(d) 21 and (e) 28 days. 
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 SE images of unleached samples (Fig. 39) show that it was homogeneous. 
However, distributions of crystals i.e marked B and C were observed in the glass. 
These crystals have identical morphologies i.e. blocky-like and needle-like 
features as found in the 25 wt% Magnox glass. EDX (Fig. 40) were collected at 
the marked regions. EDX of region A indicating the pristine glass revealed the 
glass contained Na, Mg, Al, Si, Zr, Mo, Cs, Ce, Nd Fe, Ni and O. While EDX of 
region B showed high content of Mg, Cr, Fe and Ni content. This might indicates 
that these crystals were spinel as has been found from 25 wt% Magnox and fits 
the XRD data. EDX of region C showed Ru which fits the XRD data indicating 
these are the RuO2 crystals. 
 SE images for samples leached from 7 to 28 days are shown in Fig. 41. 
The same morphologies and crystals were found as in the reference sample. EDX 
on these crystals confirmed they were spinels and ruthenium oxides. In Fig. 41, 
only crystals labelled ‘×’ were the spinels, others were RuO2. Cracks were also 
observed for samples leached at 14, 21 and 28 days (Fig. 41b, Fig. 41c and Fig. 
41d respectively). The cracks started from the crystals in the glass. No fragile 
layer was observed for this sample, unlike that observed in the 25 wt% Magnox 
glass (Fig. 25c). 
 
 
Fig. 39: SEI of unleached sample. 
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Fig. 40: EDX of the marked regions of the unleached sample. Letters indicate regions in Fig. 
39 from which the spectra were collected. 
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Fig. 41: SEI of (a) 7, (b) 14, (c) 21 and (d) 28 days leached samples. Label marked ‘×’ 
indicated spinels. 
 
 FIB-TEM cross-sections were then taken from all samples. Fig. 42a shows 
a bright-field image of the unleached glass. Electron diffraction (Fig. 42b) shows 
a diffuse halo amorphous pattern and EDX (Fig. 42c) is consistent with the glass 
batch composition. 
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Fig. 42: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of the unleached 
(reference) sample. Note: Platinum (Pt) was deposited on the top surface of the glass section. 
  
After being leached for a week, one layer (marked A in Fig. 43a) was 
observed on the glass samples at approximately 0.1μm thickness. EDX traces for 
area A and B were almost the same but Na was found in area B. This indicates 
that near the surface, Na has been leached out during the corrosion process 
leaving only Na in the bulk (B) area. 
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Fig. 43: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of 7 days leached 
sample. 
  
In 14 days leached samples, two layers were observed (marked A and B in 
Fig. 44) while C is the bulk area. The outer layer A thickness increases to 0.2μm. 
EDX from this area detected traces of Na, Al, Si, Zr, Cr and Fe. Porous structures 
were observed at region B and EDX revealed Na, Al, Si, Zr, Cr and Fe again but 
with higher Na and Al intensity than in the outer layer A. Region C is the glass 
bulk and its EDX is consistent with the glass batch composition.  
 EDX shows that diffusion of ions i.e Na and Al started to occur at this 
stage. The fact that layer B was porous (shown by light grey circles / ovals in Fig. 
44) indicates that it loses ions due to diffusion. Interestingly, Mg was not found in 
either layer A and B, but was found in the bulk. This observation indicates that 
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Mg might have leached from the surface. Hence probably indicating that for this 
sample, Al is playing a key role in determining the glass durability which will be 
discussed further in the Chapter 7. 
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Fig. 44: (a) Bright-field TEM image of 14 days leached glass showing regions A – C and (b) 
EDX spectra for respective regions shown. 
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At a different area (Fig. 45) of the 14 days leached samples, blocky-like features 
were observed. EDX on this feature showed traces of ruthenium. This is 
consistent with the RuO2 crystals found in Fig. 38 which indicates RuO2 crystals 
were formed in the glass due to incomplete melting. This will be discussed further 
in Chapter 7. 
 
 
Fig. 45: (a) Bright-field image, (b) Electron diffraction pattern and (c) EDX of the 14 days 
leached sample. Note: Due to thick feature, this is the best electron diffraction pattern that 
can be obtained. 
  
In 21 days leached samples, interesting features were observed from the 
bright-field TEM image (Fig. 46a). Region A (near sample surface) was 
amorphous and from EDX, traces of Zr and Fe were detected. The thickness of 
this layer has increased to approximately 0.5 μm. Region B is the bulk region and 
its EDX matches with the glass batch compositions. Two crystals features were 
observed: (a) needle-like crystals and (b) blocky-like crystals (marked C and D 
respectively in Fig. 46c and Fig. 46d). Electron diffraction image were captured 
for these crystals and EDX were done. The spectra show these crystals were 
ruthenium-rich crystals. 
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Fig. 46: (a) Bright-field TEM image of 21 days leached samples showing regions A – D, (b) 
EDX spectra for region A and B, (c) SAD pattern of crystal C and its EDX spectrum and (d) 
SAD pattern for crystal D and its EDX spectrum. SAD indexes at (c) and (d) indicate these 
are RuO2.  
 
 For 28 days leached samples, the layer found (marked A in Fig. 47a) on 
the sample surface has become thin to approximately 0.3μm. EDX shows this 
layer was rich in Zr. On the other hand the bulk area marked B in Fig. 47a is 
amorphous with light grey circular/oval features in the bulk. SAD pattern in area 
B shows the same diffuse halo pattern as observed in Fig. 43b. EDX of this region 
(Fig. 47b) is consistent with the glass batch composition. EDX on the grey and the 
bulk area also revealed the same composition as found in region B.  
A summary of the layer thicknesses arising from leaching is given in Table 
10. TEM observations reveal two layers observed after the leaching process. The 
first layer tends to be non-porous and its thickness increased with time while the 
second layer contains porous features. However, for the 28 days leached sample, 
only one layer is observed which however is thin compared to other leached 
samples. Nevertheless these results are consistent with the layer evolution 
observed from the 25 wt% Magnox glass. However, in this sample, Al might play 
the major role in the glass structure instead of Mg which will be discussed further 
in Chapter 7.  
 
In
te
n
si
ty
 (
a
.u
.)
 
Energy (keV) 
D 
02̅0 
11̅0 
200 
1/d=2.11Å       [001̅] 
(d) 
98 
 
 
 
Fig. 47: (a)Bright-field TEM image of 28 days leached glass showing regions A – B and (b) 
EDX spectra for respective regions shown. 
 
Table 10: Thickness measured vs leaching times . 
Leaching time (days) 
Thickness (±0.001µm) 
Layer 1 Layer 2 Total 
7 days 0.10 - 0.10 
14 days 0.20 1.20 1.40 
21 days 0.42 1.20 1.62 
28 days 0.29 - 0.29 
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  Surface analysis 5.2
 The same method of ion mapping was done to support the FIB-TEM 
analysis and help understand the leaching mechanism of these 36 wt% waste 
loaded Magnox samples as described in section 3.2.4. Fig. 48a shows the ion 
maps of the unleached sample. From the ion image, the ions were evenly 
distributed based on the consistency of its intensity. Fig. 48b shows its depth 
profile. Region (iii) which is coloured blue is a damaged region due to the FIBing 
effect hence intensity reading at this region must be ignored. From the start of the 
wedge (region ii), intensity for each ions were consistent indicating even 
distribution of ions through the pristine glass. However, there was an increase of 
Na intensity and a drop of Li intensity on the sample surface (region i) compared 
to the bulk. This might due to the effect of FIBing as well. If compared to the 
TEM BF cross-section (Fig. 42), there was no layer observed for the reference 
sample. 
 Ion surface mapping for samples that have been leached from 7 to 28 days 
is shown in Fig. 49 and Fig. 50. Based on the colour intensity an enrichment of Si 
at the start of wedge was observed. From the image, Si has greater quantity at this 
interface and similar trend was observed at different leaching time. As for B, this 
ion was distributed evenly from the sample interface layer through the bulk. A 
similar trend is observed for the B distribution for the 7 to 28 days leached 
samples. For Li, its distribution was even from the top surface through the bulk 
after 7 days leaching (Fig. 49a). Similar trend were also observed for Li after 
being leached from 14 to 28 days (Fig. 49b-d). Na on the other hand, has depleted 
near the surface sample. However, there was enrichment of Na on top of the glass 
surface. As the leaching time increase, the intensity of Na on the glass surface also 
increase. Intensity of Mg on the other hand was well distributed from surface to 
bulk for 7 to 28 days leached samples. Meanwhile for Al, it has high intensity 
near the surface sample which increases with leaching time. This phenomenon is 
different if compared to that observed from 25 wt% Magnox glass (Fig. 35) where 
Mg-rich was observed near the sample surface. This observation indicates that for 
this sample, Si-O-Al bonds may have form in the glass structure thus affecting its 
durability. A similar trend was also observed for Fe ions where it has high 
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intensity near the surface sample. Enrichment of Al and Fe near the sample has 
effects on the gel layer formation which affects the glass durability. This 
phenomenon will be discussed further in Chapter 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
101 
 
 
 
 
Fig. 48: (a) Normalised ion images and (b) depth profile of reference sample at field of view 
248 × 248 μm2. 
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Fig. 49: Normalised ion images of Si, B and Li for (a) 7, (b) 14, (c) 21 and (d) 28 days 
leaching at field of view of 150 x 150, 100 x 100, 100 x 100 and 150 x 150 μm2 respectively. 
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Fig. 50: Normalised ion images of Na, Mg, Al and Fe for (a) 7, (b) 14, (c) 21 and (d) 28 days 
leaching at field of view of 150 x 150, 100 x 100, 100 x 100 and 150 x 150 μm2 respectively. 
 
 To understand this in detail, line scans in terms of depth profile were taken 
from the ion surface maps for samples leached from 7 to 28 days and are shown in 
Fig. 51. From this figure, three regions occur in each sample: (i) the sample 
surface, (ii) the start of the wedge and along the bulk, and (iii) the FIB wall 
skirting effect. 
 Fig. 51a shows depth profile for 7 days leached sample. Reasons for the 
different regions are now given. In region (i), enrichment of Na and Li were 
observed on top of the glass surface. However, other ions eg. B and Mg were not 
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the surface (at beginning of the wedge from 0 to 2.3 µm depth). Going deeper into 
the sample (after 2.3 µm depth), the intensity of all ions was constant which 
means this is the bulk area where all ions were evenly distributed. In the blue 
region (iii) highlighted in blue in the line scans, the signal was poor due to the ion 
beam damage caused at the bottom of the wedge by the FIB milling. Ion beam 
mixing causes cascade mixing of the sample. 
 Surprisingly, the same trends were observed as for 14 days leached (Fig. 
51b) and 21 days leached (Fig. 51c) samples. Both of these samples have 
enrichment of Na and Li on top of the glass surface. At the near surface, 
enrichment of Si, Al and Fe were also observed. However, for 14 days leached 
sample, there was diffusion of Na and Li observed near the surface (at depth 
approximately 1.7 µm). Meanwhile, for 21 days leached sample, at depth of 1.7 
µm, no diffusion of Na and Li was observed. They were likely to have constant 
intensity from the start of the wedge through the bulk. 
 Fig. 51d shows the line scans for 28 days leached samples. At region (ii), 
intensity of all ions was constant from the start of the wedge through the bulk. 
However, enrichment of Al, Si and Fe were not observable near the surface at this 
region. Furthermore, their intensity have dropped on the surface sample (at region 
i). Intensity of Na and Li has also dropped compared to bulk at this region. Worth 
to note that as Li and Na ionised very readily under ion bombardment, this has 
made that these elements (Li and Na) have higher signals than the other ion 
signals.  
 Based on this data, a few assumptions can be made. Ion exchange of alkali 
and alkali-metal ion i.e. Na and Li occurred for this sample during leaching. 
However, diffusion of these ions only occurs after 14 days leaching. This 
observation was different if compared to the 25 wt% Magnox glass in which the 
ion exchange occurs after 7 days of leaching. Hydrolysis occurs simultaneously 
with the ion exchange process based on the enrichment of Si ions near the sample 
surface. This indicates formation of a Si-rich layer near the sample surface. 
Enrichment of Al observed might due to formation of Si-O-Al bonds in the glass 
structure which will be discussed further in Chapter 7.  
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Fig. 51: Line scans of (a) 7 days, (b) 14 days, (c) 21 days and (d) 28 days leached samples. 
Blue coloured region is a damage area due to FIB skirting effect. 
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 Chemical (aqueous) analysis 5.3
 Concentrations of selected ions i.e. Al, B, Li, Mg, Na and Si found in the 
leachates after corrosion from 7 to 28 days are shown in Table 11. Based on these 
values, the concentrations of each element found in the leachates increase with 
leaching times. Concentrations of Al after 7 days leaching were found to be 
negative. Several repetitions have been done to confirm this and negative values 
were obtained for Al. This probably indicates that Al might not leach from the 
glass after corrosion or it being sorbed on the glass surface so that no Al was 
detected after a week of leaching. 
From the value of concentrations, normalised elemental mass loss (NL) 
was calculated using equation 3.4 and presented in Fig. 52. However, Li and B are 
not shown here as their composition cannot be detected by XRF analysis so its NL 
value could not be calculated. The slope of the NL graph determines the leaching 
rates for each element. In Fig. 52, Mg and Si show similar trend of NL. The 
normalised elemental mass loss of Mg and Si are observed to become almost 
constant after 21 days leaching.  
 
Table 11: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 days. 
 7 days 14 days 21 days 28 days 
Al 0.048 ± 0.019 -- -- -- 
B 0.182 ± 0.162 0.783  ± 0.221 1.135 ± 0.094 1.451 ± 0.126 
Li 0.186 ± 0.032 0.416 ± 0.028 0.645 ± 0.013 0.782 ± 0.394 
Mg 0.329 ± 0.013 0.735  ± 0.009 1.106 ± 0.021 1.151 ± 0.007 
Na 1.024  ± 0.154 0.773  ± 0.177 0.862 ± 0.073 1.335 ± 0.184 
Si 1.218 ± 0.336 3.348  ± 0.568 5.087 ± 0.409 6.146 ± 0.357 
 
108 
 
 
Fig. 52: Graph normalised elemental mass loss (NL) vs time. 
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6 Results for ISG 
 Phase and microstructural analysis 6.1
 XRD traces of unleached and leached ISG samples are shown in Fig. 53. 
The broad peak observed for the reference and leached samples indicate the 
glasses were amorphous with no traces of crystals inside the glass.  
 
 
Fig. 53: X-ray diffactrograms of the ISG (a) unleached and leached for (b) 7, (c) 14, (d) 21 
and (e) 28 days. 
 
 SE images for the ISG reference sample is shown in Fig. 54. The image 
shows that the ISG sample was homogeneous. EDX on this sample revealed the 
glass contained Ca, Na, Al, Si, Zr and O. 
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Fig. 54: (a) SEI and (b) EDX of the reference sample. 
 
 SEI from samples leached from 7 to 28 days is shown in Fig. 55 with their 
EDX. The images show that these glasses were homogeneous. As leaching time 
increased to 21 days (Fig. 55c), cracks started to occur on the glass. After 28 days 
leaching (Fig. 55d), the surface of the glass cracked on the entire surface. EDX on 
these samples reveals the same elements as observed in the reference sample. 
However, after 28 days leaching, detection of Na was low compared to earlier 
periods of leaching. The cracks might be due to formation of another layer on top 
of the glass surface. This phenomenon will be discussed further in the Chapter 7. 
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Fig. 55: SEI of (a) 7, (b) 14, (c) 21 and (d) 28 days leached samples along with its EDX. 
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FIB-TEM cross-sections were then taken for samples of this glass that had 
been leached for 7, 14 and 28 days. Fig. 56a shows a bright-field image of 7 days 
leached sample. The glass was amorphous and porous. EDX of the glass (Fig. 
56b) shows same elements from SEM-EDX and is consistent with the glass 
compositions. Its electron diffraction pattern (Fig. 56c) shows a diffuse halo 
amorphous pattern. No distinctive layers were found on the sample 
 
 
 
Fig. 56: (a) Bright-field image, (b) EDX and (c) diffraction pattern of 7 days leached sample. 
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 After being leached for 14 and 28 days, layer A was observed on the glass 
sample with an approximate depth of 0.2 and 0.29 μm respectively (Fig. 57). This 
layer was dense compared to the bulk (region B). EDX on both of these regions 
showed the same composition but having less Na on the layer A region. 
 
  
 
Fig. 57: (a) Bright-field image of 14 days leached sample, (b) bright-field image of 28 days 
leached sample and (c) EDX spectra for both. Letters indicate spectrum of the image region. 
Since it has similar peaks for both 14 and 28 days leached samples, only one EDX is shown. 
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than a week. The layer has a thickness of 0.2 µm after 14 days leaching and 
increases to 0.3 µm thickness after 28 days leaching. This layer was fragile and 
brittle but denser compared to the bulk glass. 
 
 Surface analysis 6.2
 Surface ion mapping and depth profiles were done for the ISG samples. 
Fig. 58a shows the surface ion maps of the reference sample. From the image, it 
can be observed that the distribution of the ions were even from the start of the 
wedge to the bulk. Line scans for the reference sample is shown in Fig. 58b. The 
line scans was divided into three regions. Region (i) is the surface sample, region 
(ii) is the start of the wedge to the pristine glass and region (iii) is the damaged 
area due to the FIB skirting effect hence the intensity reading at this region can be 
ignored. At region (ii), the intensity for each ion was almost constant from the 
start of the wedge through the bulk. This indicates the ions were evenly 
distributed in the glass sample. It is interesting to note that Ca and Na have the 
same trend of the line scans. These probably due both of these elements are alkali 
and alkali-earth in the Periodic Table which make they have the similar 
characteristic. Meanwhile Al and Si showing almost similar trend of line profile. 
This might indicate for this glass, Al may act as a network former in the Si glass 
structure. However, at region (i), intensity for all ions dropped to almost zero 
compared to the bulk region. This might be due to the effect of the FIB-cutting. 
 Ion surface mapping for samples that had been leached from 7, 14 and 28 
days are shown in Fig. 59. Fig. 59 reveals that there was an enrichment of Si rich 
layer near the surface sample after 7 days leaching. Al enrichment was also 
observed near the surface region after being leached for 7 days. However, as the 
leaching time increased, enrichment of Si near the surface has lowered but the 
enrichment of Al has increased, based on the colour intensity. Distribution of B 
was constant from 7 to 28 days leaching and no diffusion of B was observed. Na 
was observed to diffuse after 7 to 28 days of leaching. Meanwhile, Na enrichment 
on the sample surface was observed after 7 days leaching but not after 14 and 28 
days.  
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 To get a clear understanding of the ion maps, line scans were also drawn 
for samples that have been leached for 7, 14 and 21 days as shown in Fig. 60. Fig. 
60a shows the line scans for 7 days leached sample in terms of depth. The figure 
is divided into 2 regions: region (i) is on the surface sample and region (ii) is from 
the start of the wedge and along the bulk. From region (ii), it can be observed that 
Na has diffused from the sample at 3 μm depth. At the same depth, enrichment of 
Si was observed. This observation shows that ion exchange occurs where alkali 
ion leaves the sample after in contact with water. When Na leaves, it leaves Si on 
the diffusion region which explains the enrichment of Si after Na leaching. For 
other ions, the ions distribution was constant from the start of the wedge through 
the bulk. At region (i), enrichment of Na was observed. This might indicate that 
Na has been sorbed onto the glass surface. This phenomenon was also observed 
for 25 wt% and 36 wt% Magnox glass after 7 days leaching. 
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Fig. 58: (a) Normalised ion images and (b) depth profile of a reference sample at field of view 
240 × 240 μm2. 
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Fig. 59: Normalised ion images of (a) 7, (b) 14 and (c) 28 days leached samples at field of 
view 150 × 150 μm2. 
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 Fig. 60b shows the line scans for 14 days leached samples. The line scans 
can be divided into three regions. Region (i) is the sample surface, region (ii) is 
the start of the wedge, region (iii) is the bulk and region (iv) is the damaged area 
due to the FIB skirting effect. If observed at the bulk region, the distribution of all 
ions was even along the glass. However, at region (ii), interesting line trends were 
observed. It can be observed that diffusion of B and Na occurred while Si 
enrichment was observed at this region. Enrichment of Al and Zr occurred at this 
region as well. At the surface sample (region i), Al and Zr enrichment were also 
observed but Na and Si were low. The distribution of Ca, however, remained 
constant from the start of the wedge through the bulk and was also constant on the 
sample surface. 
 Line scans for 28 days leached sample are shown in Fig. 60c. Because Na 
has a much higher intensity reading than the others, the line scan for Na was 
shown separately for better observation of other ions. Fig. 60c is divided into four 
regions. Region (i) is the surface sample, region (ii) is the near surface, region (iii) 
is the bulk area and region (iv) is the damaged area to the skirting effect. All ions 
were evenly distributed at the bulk area (region iii). At the near surface region (ii), 
diffusion of Na still occurs. Enrichment of Si and Al were observed at this region. 
At this leaching time, Ca seemed to enrich near the surface layer. Ca, Si and Al 
were observed on the sample surface (region i). 
 Based on the ToF-SIMS results, an ion exchange process occurs after the 
first week of leaching and the process still occurs after 28 days of leaching. This 
assumption was based on the diffusion of Na that has been observed from the line 
scans. After 14 days leaching, there was formation of a diffusion layer which was 
Si and Al rich. However, after 28 days leaching, the diffusion layer was Si, Al and 
Ca rich. There was also formation of another layer on the glass surface which has 
the same elemental distributions as found in the diffusion layer. 
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Fig. 60: Line scans of (a) 7, (b) 14 and (c) 28 days leached samples. Blue coloured region is a 
damaged area due to FIB skirting effect. 
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 Chemical (aqueous) analysis 6.3
Concentrations of selected ions i.e. B, Ca, Na and Si found in the leachates 
after 7 to 28 days corrosion are shown in Table 12. Negative concentration values 
were found for Al and Zr hence the values are not shown here. From these values 
(Table 12), NLi is calculated using equation 3.4 and plotted in Fig. 61. Leaching 
rates for each element are derived from the slope of the graph.  
From Fig. 61 it can be observed that NL of B and Na is congruent. Based on 
slope of the graph, the leaching rate, RL (equation 3.6) of Na and B was slow 
until 21 days leaching. Then the leaching rate started to increase after 28 days 
leaching. As for Ca and Si, the NL for these elements is almost constant with 
time. Hence they have slower RL compared to Na and B based on the slope of the 
graph.  
 
Table 12: Ion concentrations (ppm) measured after corrosion tests from 7 to 28 days. 
 7 days 14 days 21 days 28 days 
B 0.396 ± 0.168 0.874 ± 0.120 0.994 ± 0.135 1.990 ± 0.144 
Ca 1.098 ± 0.027 1.046 ± 0.009 0.809 ± 0.008 1.287 ± 0.011 
Na 0.726 ± 0.170  1.547 ± 0.252 1.590 ± 0.118 3.445 ± 0.129 
Si 0.872 ± 0.516 1.636 ± 0.249  1.966 ± 0.275 0.947 ± 0.206 
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Fig. 61: Graph normalised elemental mass loss (NL) vs time. 
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7 Discussion 
 Uncorroded Glasses 7.1
 International Simple Glass (ISG) is used as a reference material by the 
nuclear glass community (Gin et al., 2015) and has been examined in a round 
robin involving six countries:  France, Japan, the USA, the UK, Belgium and 
Germany (Gin et al., 2013a) to obtain better understanding of the glass corrosion 
mechanism. XRD of ISG samples (Fig. 53) in this study indicate that it is 
completely amorphous. The morphology of the reference sample from the SE 
images also showed that the glass was homogeneous with no crystals observed in 
the glass. 
 XRD confirmed both 25 wt% and 36 wt% Magnox glass were largely 
amorphous but containing minor crystalline phases (Fig. 20 and Fig. 38). The 
crystals revealed were spinel and RuO2 for 25 w%t Magnox glass (Fig. 20) and 36 
wt% Magnox glass (Fig. 38). SEM images for both glasses show that they were 
homogeneous and revealed the same morphologies i.e blocky-like and needle-like 
morphologies. EDX on these crystals (Fig. 21 for 25 wt% Magnox glass and Fig. 
40 for 36 wt% Magnox glass) shows high Mg, Ni, Cr, and Fe content for the 
blocky-like crystals identified as spinel and high Ru for needle-like crystals 
identified as RuO2. The EDX was consistent with the XRD results.  
 The distribution of spinel and RuO2 in both glasses however is 
inhomogeneous. The reason for spinel presence in the glasses could be due to the 
change in cooling rate in the sample. However, because of its inhomogeneous 
distribution, quantification of spinel phase content was challenging by using XRD 
and SEM images techniques due to variations of glass composition and no 
reference samples were provided for general comparison. On the other hand, the 
likelihood of observing RuO2 crystals in 36 wt% Magnox glass was high 
compared to spinel which may be due to high RuO2 content (1.84 ± 0.01 wt%) 
found in the 36 wt% glass compared to the 25 wt% glass (0.49 wt%) (Table 6). 
 Formation of spinels and RuO2 in the borosilicate UK HLW glass is 
common (Rose, 2007; Boucetta et al., 2012). UK HLW has high transition metal 
content which favours formation of spinel phases in the HLW glass (Zhang et al., 
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2015). Noble metals such as ruthenium do not melt during the glass melting 
process and most have melting points (above 1500°C) which makes them hard to 
vitrify in the glass system (glass melting point ≈ 1050°C). As a result they will 
form an oxide such as RuO2 or are contained in various spinel phases in the glass. 
 
 Glass corrosion mechanisms 7.2
As discussed in Section 2.6.1, the glass corrosion mechanism can be 
divided into three stages: (a) ion exchange between alkali ions from the glass and 
water, (b) hydrolysis where a silica-rich layer (known as gel-layer) forms and (c) 
precipitation of reformed phases on the glass surface when leachate saturation 
occurs. All of these processes have been observed from the results obtained in this 
work. The corrosion mechanism and layer evolution for each sample will be 
discussed in sections 7.2.1, 7.2.2 and 7.2.3. 
 
7.2.1 Leaching of 25 wt% Magnox glass 
 
Ion exchange was observed after 7 days leaching based on diffusion of 
alkali ions i.e. Na and Li from the glass. Based on the NL data (Fig. 37), both Na 
and Li are leached at similar rate from 7 days to 28 days leaching. ToF-SIMS line 
scans (Fig. 36) showed that these ions have the same diffusion trends and depleted 
approximately to the same depth from the glass surface. The reason these alkali 
ions possess similar characteristics is because both ions are in the same Group I in 
the Periodic Table. Furthermore, they both act as network modifiers and create 
NBO sites in the glass network which makes for their faster release when in 
contact with water compared to when they are bound in tetrahedral sites (James et 
al., 2014).  
Meanwhile, hydrolysis is occurring simultaneously with the ion exchange 
process. As the alkali ions leave the glass, Si remained on the glass surface and 
bonded with OH ions from the water to form silanol bonds. This can be clearly 
seen from Fig. 34a where enrichment of Si was observed at the beginning of the 
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wedge. These silanol bonds formed a hydrated gel layer. The gel layer as found by 
Cailleteau et al. (2008) was non-porous near the interface layer and becomes more 
porous as it goes deeper into the pristine glass. The porosity was caused by the 
release of soluble elements which reorganise the silicon structure driven by the 
dynamics of hydrolysis. The non-porous gel layer may prevent further release of 
soluble elements and inhibit further corrosion. The morphology of this gel layer 
(shown in Fig. 27, Fig. 28, Fig. 30 and Fig. 32) is consistent with the results 
obtained by Cailleteau et al. (2008). However, the role of the dense gel layer as a 
passivating layer is still being debated. Furthermore, Mg and Al were also found 
in the gel layer. Both Mg and Al may act as network intermediates and bond with 
Si (Si-O-Mg/Al bonds) in the gel layer (Menard et al., 1997; Watts et al., 2010). 
Formation of an alteration layer (consisting Si, O, Mg, Al, Na and Li) on 
top of the gel layer was also observed after leaching tests. SEM images (Fig. 25) 
showed the morphology of this layer and the estimated thickness of the layer 
(between 0.14±0.01 to 0.48±0.01 μm) has been measured using the TEM-BF 
cross section image (Table 8). These results complement the results obtained from 
ToF-SIMS ion images and its line scan profiles (Section 4.3). It is believed that 
the layer was formed due to the precipitation of mobile ions such as Na+ or Li+ 
from the aqueous solutions (Putnis, 2015). Since the test was done in deionised 
water, there are no competing ions in solution so these ions were sorbed back onto 
the glass surface (Swanton et al., 2012; Lucksheiter and Nesovic, 2004). 
Furthermore, it was observed that this layer was brittle and cracked (Fig. 25c). 
Chêne and Trocellier (2004) also observed the formation of this layer with 
microcracking when an alkali-borosilicate glass was exposed to water at 90 °C for 
7 days but the layer was rich in Si and O. Gin et al. (2011 & 2013b) and Lodding 
and Van Isegham (2001) also found these various zones of layers for French 
nuclear waste glass that had been leached for longer times i.e. 26 years and 5 
years respectively. In this work, ToF-SIMS showed alkali ions i.e. Na and Li that 
has been leached out from the glass precipitated on the glass surface instead of Si 
and O as found by Chêne and Trocellier (2004).  
As the leaching tests proceed to a month (28 days), precipitation of Ru, 
Mg and Al was also observed on the glass surface. These ions might create a bond 
with oxides on the glass surface which forms an Mg- or Al- silicate or RuO2 
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crystals. These are revealed by x-ray diffractograms (Fig. 20) as the relative 
intensity of these crystals increases with leaching time. SE images (Fig. 25c) 
clearly show the existence of precipitation of these elements on the sample 
surface. The characteristic of RuO2 that it is not soluble in water reveals why once 
precipitated it remains as an alteration layer.  
Brownian motion of particles in a homogeneous environment or liquid 
state is used to estimate the diffusion coefficient of Na and Li using equation 7.1 
(Hiemenz and Rajagopalan, 1997), 
𝑥 =  2 √(𝐷. 𝑡) 
 (7.1) 
where x is the diffusion length (m), t is leaching time (s) and D is the diffusion 
coefficient. Values of DLi and DNa for 7 days leached samples are 1.7×10
-19 m2s-1 
and 2.6×10-19 m2s-1 respectively. Both ions diffuse at a similar rate but Li at a 
lower value than Na. Even though Li has a smaller atomic size and is expected to 
diffuse more quickly than Na, it however has a greater charge field strength which 
makes it diffuse slower than Na. These ion exchange processes were most rapid 
during the first week of the corrosion tests. Ojovan et al. (2006) found the DNa to 
be 2.7×10-19 m2s-1 and DLi to be 2.5×10
-19 m2s-1 for simulated Magnox waste 
glass that has been leached for three days at 60 °C. The data obtained was at the 
same order of magnitude but slightly lower compared to the data reported by 
Ojovan et al. (2006). The difference in values may be due to the temperature used 
in this work which is higher (90 °C) and the period of leaching which give effects 
to the release of ions. 
 However, DNa for 28 days leached samples could not be calculated. From 
the ToF-SIMS line scans graph (Fig. 36d), Na has approximately constant 
intensity from the sample surface through the bulk making it difficult to quantify 
the Na diffusion length to calculate its DNa. From the graph (Fig. 36d), leached Na 
has precipitated on the glass or it acts as a modifier and is incorporated with Si in 
the glass. As observed from Fig. 36d at field of view between 70 to 100 μm, Si 
intensity was slightly increased which indicates a Na-Si-rich layer formation. DLi 
for samples leached for 28 days is 2.4×10-19 m2s-1 which is slightly increased 
compared to the value at 7 days. This might indicate that leaching (ion exchange) 
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is still occurring in the 28 days samples. Even though formation of several layers 
was observed after a month of leaching tests, the increase of DLi value indicates 
that over this leaching period, these layers were not acting as protective barriers 
since diffusion of Li was still occurring after 28 days leaching.  
A summary of layer evolution with time is given in Fig. 62 below. Two 
layers had formed during the leaching tests. Layer 1 is known as the alteration 
layer and Layer 2 is known as the diffusion or gel layer. Formation of Layer 1 was 
due to water saturation that enhanced the absorption of Na and Li on the glass 
surface and Layer 2 was formed from the hydrolysis or ion exchange processes. 
Precipitation of Mg, Al and Fe started to occur after 14 days leaching (Fig. 62b) 
while the alteration layer has dissolved after 14 days leaching and formed again 
due to ion saturation after 28 days leaching (Fig. 62c). The Mg-Si precipitation on 
the glass surface does not restrict water transport and glass alteration. The release 
of Mg and Al at favourable concentrations formed a thin (less than 2 μm) and 
dense (less than 30% porosity) surface layer and might limit further dissolution 
(Debure et al., 2012).  
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Fig. 62: Schematic of layer evolution after (a) 7, (b) 14 and 21 and (c) 28 days leaching for 
sample dimension 1 × 0.2 cm. 
 
7.2.2 Leaching of 36 wt% Magnox glass 
 
After being leached for a week, no diffusion of Na or B was observed in the 
glass samples from the ToF-SIMS line scans (Fig. 51a). However, enrichment of 
Al, Si and Fe was found near the sample surface (at approximately 1 μm depth). 
This indicate that for this glass, there is strong bonding of Si–O–Al/Fe in the glass 
network so acting as a barrier for any diffusion of mobile elements. However, 
diffusion of Na and Li was observed after 14 days leaching indicating ion 
exchange started to occur during this week. Using the Brownian motion (equation 
7.1), approximate diffusion coefficients for Na and Li were calculated revealing 
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that DNa and DLi have the same value which is 2.39×10
-19 m2s-1. Comparing to the 
values calculated for the 25 wt% Magnox glass from Fig. 51b (where they are 
4.65×10-19 m2s-1 for both DNa and DLi), they have the same magnitude of diffusion 
coefficient. It can be assumed that even though there was a delay in ion exchange 
process for a higher waste loading (36 wt%) glass, they have a similar diffusion 
characteristic as the 25 wt% waste loading. As observed from the NL graph (Fig. 
52), the leaching rate of ions for this glass is slower compared to the 25 wt% 
Magnox glass.  
Formation of cracks on the glass surface after 14 days leaching might 
indicate that corrosion started to occur and gel layer started to form during this 
period. However, in the 25 wt% Magnox glass, the surface cracks began to be 
detected after 7 days leaching. Tournie et al. (2008) performed corrosion tests 
using a silicate based glass and found formation of cracks on the glass surface. 
They assumed that the cracks indicate that the unit volume of glass has decreased 
by losing mobile elements which had different ion diameters than can be 
accommodated by the glass mechanical strength. However, they could not explain 
the formation of cracks. However, in this work, it is assumed that formation of 
cracks occur due to the samples have been dried after leaching and were placed in 
vacuum for further characterisations. The cracks are therefore likely caused by 
drying shrinkage in all cases. In addition, the cracks were initiated from any spinel 
and RuO2 crystals in the glass. The gel layer formed on the glass surface has a 
different water loss rate compared to the crystals (which may not lose water and 
change its volume). When the gel layer started to lose water (dry), it changes its 
volume and started to crack. As the weakest interface is in between gel layer and 
the crystals, this might be the reason of the cracks started from the crystals and 
spread through entire surface. 
These observations indicate that this 36 wt% Magnox glass, even though it 
has a higher waste loading, is more durable than 25 wt% Magnox glass. This 
statement is based on the delay of the occurrence of the ion exchange process. The 
reason for this may be due to the composition and structural properties of the glass 
itself. Considering composition the 36 wt% glass has high Al (4.92 ± 1.20 wt%) 
compared to Mg content (3.84 ± 0.84 wt%). Meanwhile for 25 wt% glass, the 
content of Al and Mg was similar, that is 4.3 wt% and 4.5 wt%. This suggests that 
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high Al plays a major role in determining the glass network structure. It is known 
that Al normally acts as an intermediate in a glass structure where addition of 
more Al will modify the glass structure and preferably Si–O–Al bonds forms in 
the glass structure. Mc Grail and co-worker (2001) found that with increasing Al 
content (15 mol% in their work) stronger Na bonding is created on NBO sites. 
This may explain the delay of Na loss in this glass after leaching tests. 
Furthermore, it was found that increased Mg in a glass network will increase the 
corrosion rate one order of magnitude faster than no or less Mg content in a glass 
system (Debure et al., 2012). Since this glass has a lower Mg content, it has a 
slower corrosion rate than the 25 wt% Magnox glass. Other than Al, enrichment 
of Fe was also observed near the glass surface after leaching. It is believed that 
leached iron has re-precipitated and incorporated within the gel layer. The 
incorporation of Fe in the gel layer will strengthen the gel layer and if more 
precipitation of Fe occurs, it will later form an Fe-silicate alteration layer 
(Michelin et al., 2013). 
Improved durability of this glass is a good sign for its HLW disposal. More 
waste loading throughput can be achieved in the glass and optimisation of space 
in waste inventory can be reached in the future. Zhang et al. (2015) also found 
that for ZnO/CaO modified borosilicate base glass a higher waste loading can 
improve its chemical durability for shorter time frames.  
Layer evolution for this glass is shown in Fig. 63. Fig. 63a shows the 
original condition of the glass where Si-O-Al/Fe network bonds were in the glass 
structure. After being leached for 14 days (Fig. 63b), ion exchange occurs where 
mobile elements e.g. Na and Li leached from the glass. Some of these ions then 
re-precipitated on the glass surface forming a thin Layer 1. After 21 days leaching 
(Fig. 63c), the same conditions occurred but the thickness of Layer 1 has 
increased at approximately 0.20 ± 0.01 μm thick. At 28 days leaching (Fig. 63d), 
Layer 1 appears to have dissolved leaving the Si-O-Al/Fe network on the surface. 
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Fig. 63: Schematic of layer evolution of 36 wt%  Magnox glass with leaching times. (a) 
reference glass, and after (b) 14, (c) 21 and (d) 28 days leaching for sample dimension 1 × 0.2 
cm. 
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7.2.3 Leaching of ISG 
 
Cracks started to be observed in dried glasses after 7 days leaching but 
they were only observed in certain areas of the samples. After being leached for 
21 days, the cracks started to spread and covered the entire sample surface after 28 
days leaching. As mentioned before, crack formation indicates occurrence of 
corrosion and formation of a gel layer. Formation of a gel layer was observed 
after 7 to 28 days leaching (Fig. 55a-d) which was thin, fragile and could be easily 
removed from the surface. EDX on this layer shows that it was Si, Al and Zr-rich. 
The thickness of this layer increased between 0.2 to 0.3 μm (±0.1 μm) with 
leaching time.  
 Corrosion of ISG started with ion exchange where depletion of Na and B 
from the pristine glass was observed after the glass had been leached for a week 
(Fig. 60a). Normalised elemental mass loss (NL) (Fig. 61) shows that B and Na 
were released congruently. However, it is important to note that ion exchange 
processes normally occur within the alkali or alkaline earth ions such as Na and 
Ca where they act as a modifier in the glass system (Jones and Clare, 2012). 
Hence for this glass, Na is the indicator for ion exchange in spite of B. B, 
however, does not formally participate in the ion exchange mechanism in the ISG 
glass because B is the network former (Gin et al., 2015b). However, the release of 
B observed was likely related to the release of Na as they share a weak network 
[BO4
-Na+] (Gin et al., 2015b) which causes B to also be released when Na is 
released during the corrosion process. This may be the reason of the congruency 
of B and Na found in the leachates after every leaching test. 
Gin et al. (2015b) also found depletion of Na, B and Ca in ISG samples 
after being leached for 209 days. However, in this work, diffusion of Ca was not 
observed. The NL graph (Fig. 61) shows that Ca mass found in the leachate was 
almost constant with leaching time. By calculating the normalised leaching rates 
(NR) over time using equation 3.6, it was shown (Fig. 61) that the leaching rates 
of Ca became slower with time. This suggests that Ca acts as a network modifier 
in the glass system and is involved in the glass network structure. 
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 In parallel with the ion exchange process, hydrolysis occurs and eventually 
leads to formation of an amorphous gel layer. The layer was observed from the 
TEM bright-field image cross-sections (Fig. 56 and Fig. 57). Based on the EDX 
and ToF-SIMS line scans, this layer was Al, Zr and Ca rich (Fig. 56, Fig. 57 and 
Fig. 60). Furthermore, work by Gin et al. (2012) showed that OH- attack on the 
glass network was due to the ionic / covalent bonds of the network forming 
elements (Si-O-X, where X = Si, Al, B, Zr). It is believed that the formation of 
this layer was not due to precipitation process as observed in the Magnox glass 
but the layer formation was due to the restructuring of the glass network. Ionic / 
covalent network that has formed was Si-O-X where X = Al or Zr. Al or Zr acts as 
an intermediate in the glass structure which makes them potentially distributed in 
the silicate units forming Si-O-Al or Si-O-Zr bonds. Based on the ToF-SIMS line 
scans (Fig. 60), the restructuring of Si-O-X bonds started to occur after 14 days 
leaching. Based on the NL (Fig. 61), the release of Na started to slow from this 
point up to 21 days leaching. The formation of this network makes Si-O-X bonds 
difficult to hydrolyse and strengthens the glass structure (Gin et al., 2012) making 
Na release difficult during this leaching period. It can be concluded that at this 
point the layer formed might acts as a passivating layer that slows the release of 
mobile ions. However, after 28 days leaching tests, the level of Na found in the 
leachates had increased. The alteration layer that had formed was rich in Ca as 
well. This suggests the formation of a calcium silicate network in the glass 
structure.  
The major difference between ISG and Magnox glasses is the addition of 
CaO in the glass system. Addition of Ca, which acts as a network modifier in a 
glass structure, may give two effects. First is the depolymerisation of the network 
structure so enhancing network hydrolysis (Gin et al., 2012). Second, addition of 
Ca helps to polymerise the amorphous alteration layer and make it more 
passivating (Gin et al., 2015b). Initially it is assumed that Ca depolymerises the 
glass network after observing the increase of Na found in the leachate after 28 
days leaching. However, calculating the Na diffusion coefficient based on the 
ToF-SIMS line scans (Fig. 60) showed that DNa at 7 days was 3.72 × 10
-18 m2s-1 
and DNa for 28 days was 8.39 × 10
-19 m2s-1. This calculation indicates that the 
diffusion of Na becomes slower after longer leaching times. This indicates that the 
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formation of this layer acts as a passivating layer which slows the Na diffusion. 
Thus it can be assumed that Ca in this glass does not depolymerise the glass 
network but instead restructures it and makes the network bonding stronger. 
Furthermore, Gin et al. (2012) mentioned that in the formation of gel layer in the 
ISG glass, Na is released in the solution but coordination of Al and Zr units 
remains unchanged due to an exchange of charge compensation cations leading to 
compensation by Ca. This phenomenon is observed in this study where Fig. 60 
showed enrichment of Si, Al and Zr in the layer between 14 and 28 days leaching 
while Na was released from the glass. 
 The corrosion mechanism for the ISG glass in this work is illustrated 
schematically in Fig. 64 which shows the layer evolution after 7, 14 and 28 days 
leaching. Ion exchange was observed to occur in parallel with the hydrolysis 
process. 
 
 
 
Fig. 64: Schematic of layer evolution of ISG glass after (a) 7, (b) 14 and (d) 28 days leaching 
for sample dimension 1 × 0.2 cm. 
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 Comparison of leaching mechanisms 7.3
The leaching mechanisms for all three samples were similar. They started 
with leaching of alkali or alkali metal ions such as Na and Li for all samples 
except ISG since ISG contains no Li. These ions left Si on the glass surface which 
will then form a silica-rich layer which is known as the gel layer. Some of the 
leached alkali or alkali metal ions were being sorbed on the glass surface and 
formed an alteration layer on top of the gel layer. However, the sorption of Na and 
Li was only observed for the Magnox glasses. 
After longer leaching periods, precipitation of Mg and Al that has been 
leached from the 25 wt% Magnox glass occurred and formed as Mg/Al- silicate 
precipitates. However, no precipitation of these ions has been observed for 36 
wt% Magnox glass. It was believed that this glass has strong Si-O-Al/Fe bonds 
which will increase the glass durability. Michelin et al. (2013) found that iron in a 
simulated archaeological glass will increase the glass durability. As for ISG 
samples, no precipitation of ions was observed on the glass samples. Formation of 
the gel layers was due to hydrolysis and restructuring of network bonds.  
Ion exchange was observed in all glasses that were leached in deionised water 
at 90 °C for periods of 7 to 28 days. Ion exchange occurred by the release of 
mobile ions e.g. Na and Li from the glass to the water. These ions act as a 
modifier in the glass network which makes them easy to remove from the glass. 
In parallel with the ion exchange process, hydrolysis occurred. As the mobile 
ions were removed from the glass, Si remained near the glass surface which forms 
a Si-rich layer. This layer is normally called the ‘gel layer’ in the nuclear waste 
community. The layer found was amorphous and porous as has been observed in 
this work (Fig. 27, Fig. 28, Fig. 30, Fig. 32, Fig. 43, Fig. 44, Fig. 46, Fig. 47, Fig. 
56 and Fig. 57) and similar phenomenon was observed by Cailleteau et al., 2008. 
It is believed that this layer may act as a passivating layer in the future and 
prevent removal of ions after longer leaching times. 
In some cases, an alteration layer formed on the gel layer which was normally 
due to the precipitation of ions from the leachate. In this work this phenomena 
was observed in the Magnox glasses where Na and Li that has been leached 
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precipitate on the glass surface and forms another layer. However, no alteration 
layer was found in the ISG glass. From all the BF-TEM images, the alteration 
layer was denser compared to the gel layer based on porosity observed in the 
images. It is believed that the release of mobile elements from this dense layer 
will be difficult. 
Corkhill et al. (2013) have performed durability tests for a period of 1 to 168 
days on 25 wt% simulant UK HLW glass. They found formation of magnesium-
silicate-hydrates and calcium–silicate-hydrates after leaching. Meanwhile Gin et 
al. (2012) stated there were ionic/covalent bonds i.e. Si-O-X where X=Si, Al, B, 
Zr in a glass structure that will undergo OH- attack after being exposed to water. 
Hence, it is expected for this glass to have similar Si-O-X bonds where X = Mg or 
Al. Mg and Al both act as intermediates in the Magnox and ISG glass network. 
After corrosion, they may be found in the gel layer and attached with the silicate 
networks as been observed by Corkhill et al. (2013). Ca in the ISG acts as a 
modifier and bonds with silicate network. This phenomenon has also been 
observed by Corkhill et al. (2013) and Gin et al. (2015b). Formation of this 
network is believed to strengthen the glass structure and increase the durability of 
the glass. However, these elements play a major role in forming a passivating 
layer. If these elements strengthen the network bonds, release of mobile ions after 
leaching will be less or vice versa. As a result the optimum composition needs to 
be compromised to achieve higher glass durability because addition of any 
modifier or intermediate elements can affect the glass network bonds during ion 
exchange or hydrolysis processes.  
Based on the calculation of the diffusion coefficient of Na, all three glasses 
have the same magnitude of diffusion coefficient. This indicates that even with a 
different composition for each glass, they have similar rates of ion diffusion. 
Hence comparison of corrosion mechanisms for all three samples is valid and 
modelling can be done to predict the mechanisms for longer periods of leaching 
times. However, the layer evolution of each glass is different depending on its 
composition. 
Normalised leaching rate for Na is then calculated using equation 3.6 and can 
be summarised as in Table 13. Table 13 shows that 36 wt% Magnox has a lower 
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leaching rate than the 25 wt% Magnox glass which makes it more durable. 
However, the leaching rate for ISG glass was higher than the Magnox glass. The 
reason for this might be due to the role the modifier and intermediate plays for 
each glass. Furthermore, formation of an alteration layer for the Magnox glasses 
actually makes the leaching rate slower compared to the ISG glass. It can be 
assumed that for Magnox glasses, they have a double protective barrier (gel and 
alteration layer) which slows down the ion release from the glass. In addition, 
Ojovan et al. (2006) also reported the normalised leaching rate for Na during 28 
days leaching at 60 °C is 0.0075 gm-2d-1. This value is lower compared to this 
work (0.2 gm-2d-1) due to the difference of the leaching temperature i.e. higher 
temperature may cause the leaching rates of ions faster compared to lower 
temperature. 
 
Table 13: Calculated Na normalised leaching rates for each samples. 
 Normalised leaching rates (gm-2d-1) 
25 wt% Magnox 36 wt% Magnox ISG 
7 days 2.1 0.7 22 
28 days 2.5 0.2 27 
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 Application of wedge technique ToF-SIMS to glass 7.4
corrosion 
A lot of research has been done to study glass corrosion using ToF-SIMS. 
Normally depth profiles are done to observe the changes of elemental composition 
in terms of depth. For example, Bardi et al. (2013) profiled potash-lime silicate 
glass that had been leached in acidic solution and the compositional changes 
between corroded layer and bulk glass as a function of depth was observed. 
Meanwhile, Fearn et al. (2006) analysed a corroded museum glass and imaged the 
glass surfaces using ToF-SIMS 5 instrument instead of depth profiling. The 
images on the surface showed formation of salts across the corroded glass surface. 
Depth profiles on simulated HLW glass has also been done previously and have 
been summarised in Table 5 in Section 2.7. 
In 2005, Fearn and McPhail introduced a bevel-image technique on boron 
implanted silicon samples to obtain depth profiles using an Atomika 6500 SIMS 
instrument. This technique has improved distortions of depth profiles which were 
often seen on annealed B implants. High depth resolution of depth profiles could 
also be achieved. Muramoto et al. (2012) made bevel cross-sections on pellets of 
isotactic poly(methyl methacrylate). They then profiled the samples using ToF-
SIMS to observe any changes in chemistry over the depth of the film. This 
technique has eased the removal of contaminants in the polymers prior depth 
profiling. It can be observed that application of bevel or wedge techniques is 
important when having samples that are non-conductive as they will badly charge 
during ion sputtering and affects the depth profiles. Hence, application of this 
wedge technique is crucial for samples that are ‘difficult’ to analyse.  
Furthermore, ion mapping of the ToF-SIMS could show layer evolution for 
each glass in general. Fig. 65, for example, shows the overlay of Si, Na and Mg 
for 25 wt% Magnox glass leached for 7 days. Instead of showing distribution of 
single ions as in Fig. 35, combination of three ions (take Si, Na and Mg for 
example in this figure) could be observed to get a clearer view on those ions 
distribution in the glass samples. From Fig. 65, sorption of Na could be observed 
on the glass surface. Meanwhile, near the top surface, there was enrichment of 
combination of Si and Mg which indicates formation of silica rich layer and Mg-
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silicates near the sample surface. This figure gives an overview of the layer 
formation for Magnox samples after being leached for a week.  
 
 
Fig. 65: Overlay of Si (red), Na (green) and Mg (blue) ions for 25 wt%  Magnox glass. 
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8 Conclusions 
In this work, a novel wedge technique with ToF-SIMS ion mapping has been 
introduced into the radwaste glass community, which gives useful information 
about corrosion mechanism. Even though ToF-SIMS can be used to depth profile 
the corroded glass, it cannot profile deeper than 10 µm. In ToF-SIMS profiles 
normally only to ~2 µm depth can be made. This is one of the advantages of 
making a wedge of the glass surface: mapping the sample surface based on 
required ions and then extrapolating the data for depth profiles. Furthermore, this 
technique is excellent for samples that could not easily charge compensated 
during SIMS analysis, therefore, more accurate data can be obtained from the 
profiles using this approach. However, sample preparation during FIBing to make 
the wedge is very crucial. Clean and smooth wedge surfaces need to be achieved 
to obtain smooth line scans from the ion maps. If the surface is rough, it will 
affect the line scans obtained which makes the data too noisy. 
Characterisation of corroded glasses using SEM, EDX, TEM and ToF-SIMS 
have enabled corrosion mechanisms to be established. Considering in more detail, 
corrosion mechanisms of simulated nuclear waste glasses can be understood. 
Previous work (Donald, 2010; Gin et al., 2011, Ojovan et al., 2006, and Hyatt et 
al., 2014) suggests corrosion starts with ion exchange in parallel with hydrolysis 
process and then precipitation of a surface layer may occur at a later time under 
saturation conditions. Corrosion mechanisms and layer evolution for all three 
glasses in this work have been discussed in Chapter 7. 
It is found that after static leaching tests in deionised water at 90 °C, 36 wt% 
Magnox glass was more durable followed by 25 wt% Magnox glass and ISG 
glass. Having high waste loading as a durable glass will be an advantage as space 
for waste storage can be minimised in the future. As mentioned in previous 
chapters, ISG is used as a reference by six countries including the UK so 
comparing its behavior to that of UK waste glasses is important.  
The current work has shown that Mg and Al play an important role in 
determining the durability of the glass. The content of each element in the glass 
composition may give an effect to the glass corrosion rate. As been discussed 
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earlier, Debure et al. 2012 mentioned that increased Mg content in a glass 
network will increase the glass corrosion rate while Mc Grails et al. (2001) found 
that increase of Al content will increase the glass durability.  
 
9 Future work 
In the future, it is suggested that FTIR and Raman studies are done to confirm 
the network bonding and structure of the glass. However, NMR for this glass is 
not suggested even though NMR is known as a good instrument to look at 
network structures. This is because Magnox glass has Fe and Cr content which are 
paramagnetic which broadens NMR peaks and makes quantification of network 
structure difficult. Modelling or simulation should also be done especially for 
longer leaching periods to examine the network structure and layer evolution for 
each glass.  
 As mentioned before, UK HLW glass has different waste composition 
from those of other countries. In the UK, to our knowledge, no previous 
characterisation of corroded glass has been done using ToF-SIMS. Several trials 
of depth profiling the Magnox glass in this study showed the difficulty in depth 
profiling of the glass due to the charging effect and the roughness of the corroded 
surface. On the other hand, the French nuclear waste community have used ToF-
SIMS to characterise their waste glass. The ability to characterise corroded 
Magnox glass using the wedge technique is a start to fully utilise this advanced 
characterisation technique. In the future, tracer studies D2O should also be used 
during corrosion tests to analyse the diffusion of OH into the glass. Alternatively, 
methylene blue dye could be used in the deionised water to observe the 
penetration of dye molecules into the gel layer (Cailleteau et al., 2008). The dye 
can also be as an indicator of water diffusion into the glass. From this method, 
hopefully formation of the porous layer and the structural reorganisation of the 
corroded glass can be deeply understood.   
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